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1. INTRODUCTION AND BACKGROUND 
Correlation between length scales in the field of magnetism has long been a topic of intensive 
study. The long-term desire is simple: to determine one theory that completely describes the 
magnetic behavior of matter from an individual atomic particle all the way up to large masses 
of material. One key piece to this puzzle is connecting the behavior of a material's domains 
on the nanometer scale with the magnetic properties of an entire large sample or device on 
the centimeter scale. 
The task of explaining the bulk properties of both ferromagnetic and paramagnetic materials 
was, in fact, the driving force for the initial formulation of domain theory. The initial debate 
was over the existence of atomic magnetic moments themselves, with evidence eventually 
accumulating in favor of what were then called "molecular magnets" [1]. In fact, Ampere 
postulated that these molecular magnets were due to atomic electrical currents similar to 
electromagnets, about 75 years before the discovery of the electron [I] and that these currents 
were permanent even without an external field applied. Over time, pieces to the puzzle 
began falling into place, including an explanation of paramagnetism based on atomic 
moment theory by Langevin [2], discovery of the discontinuous nature of the hysteresis loop 
by Barkhausen, formulation of the idea that a "magnetic" material might have saturated 
domains oriented randomly to add to zero when demagnetized, and finally in the 1920's and 
l 930's the idea of domains with finite transition regions called walls, consisting of magnetic 
moments whose orientations varied across the length of the wall [3]. 
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The actual magnetic domain structures are due to the need for the magnetic material's desire 
to minimize magneto static energy at the cost of formation of the domain walls. As a 
ferromagnetic material consisting of one 
Fig. 1: Rotation of individual moments within a 
180° domain wall [ 1]. 
bulk domain will have the energy 
E = µ 0 N dM 2 (where Nd is the 
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demagnetizing factor and M the 
magnetization), the natural response of the 
system will be to minimize M [ 1]. This is 
accomplished via large groups of collinear 
moments, usually pointing in favorable 
crystallographic directions, with domain walls in which the magnetization vectors rotate from 
one group's direction to another. If the material is demagnetized or has spontaneously 
magnetized passing through a Curie point, the total magnetostatic energy of the system can 
be zero, at the cost of the energy bound in the force required to maintain misorientation of 
moments in the domain walls. Moment rotation usually increments toward vectors 180° or 
90° from the original, as seen in Fig. 1, with the width and number of walls dependent on the 
strength of exchange and strength of crystalline anisotropy [ 1]. As many of the interesting 
properties of ferromagnetic materials derive from the movement, creation, or annihilation of 
these domain walls, there should be a strong correlation between what is seen at the domain 
scale and bulk magnetic measurements such as hysteresis curves. 
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Unfortunately, the initial difficulty of domain imaging and the inherently complicated nature 
of domains have both retarded progress in their understanding. Initial attempts at viewing 
domains involved dispersion of ultra-fine iron or magnetite particles on a polished surface, a 
process that soon evolved into the distribution of a magnetic particle colloid instead of 
powders. The first published work using this idea came from Bitter [ 4] and has since been 
known as the Bitter method. The resolution of the technique has been as good or better than 
the optical microscopes used to view the patterns, but neither the sensitivity nor repeatability 
of the technique are reliable and often depend on the skill of the individual researcher. Also, 
attempts to quantify results by counting particles at boundaries and using complicated models 
largely failed [5]. A more practical method of imaging domains takes advantage of the Kerr 
effect, where polarized light waves will have their direction of polarization rotated by 
magnetic fields at the surface of magnetic materials. In Kerr microscopy, the direction and 
magnitude of rotation will depend on the direction of the magnetic field with respect to the 
direction of the incident light beam. This fact that has led to the development of one of the 
first quantitative methods for domain analysis by Hubert and co-workers [5]. This method 
a) b) c) 
Fig. 2: a) A Kerr micrograph digitally enhanced in b) and analyzed for domain direction inc) [5]. 
involves taking two misoriented images and digitally processing them together to find both 
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direction and magnitude of the domains seen. Digital techniques for image processing have 
also made it simpler to remove artifacts from surface imperfections and enhance contrast in 
micrographs that are often based on rotations 
of less than twenty minutes of arc. An 
example of a Kerr micrograph and 
subsequent digital enhancements are shown 
in Fig. 2. Kerr microscopy has advantages of 
large range of possible magnifications, 
speedy imaging, and, soon, quantification, 
but sample preparation time is long, 
Fig. 3: A Lorentz micrograph permalloy 
showing "ripple" texture perpendicular to the 
average domain magnetization [5]. 
equipment complicated and difficult, and resolution relatively limited. Other imaging 
techniques include modifications on or use of electron scattering, transmission electron 
microscopy (Lorentz microscopy), the Faraday effect on transmitted polarized light, X-rays, 
and neutron scattering [5], but all have severe limitations or require extensive sample 
preparation. An example of Lorentz microscopy, often used due to the unmatched resolution 
ofTEM, is shown in Fig. 3. 
One of the more useful new tools in the 
study of magnetic domain structure has 
been the magnetic force microscope, or 
MFM. Generally, an MFM involves a 
magnetically coated stylus that is Fig. 4: Photo of an AFMIMFM head and assembly 
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dragged or tapped across the surface of a solid sample, with the surface stray field gradient 
causing a force on the tip and providing the contrast. The first such device was designed by 
Martin and Wickramasinghe at IBM and rastered a magnetic filament across an area of a 
sample to generate an image, with a resolution of about 100 nm [ 6]. Current devices, such as 
the Dimension 3100 AFM/MFM shown in Fig. 4, obtain topographical information by 
scanning the surface in a fashion similar to atomic force microscopy, then raising the tip a set 
Split photodetector 
Surface profile 
Magnetic image 
Laser 
beam 
Fig. 5: Sketch representation of creating a 
magnetic force microscopy image. 
height above the surface and 
rescanning. Thus the topology of the 
sample can be subtracted from the 
magnetic image and relatively rough 
sample surfaces can be tolerated [7]. 
A sketch representation of this 
process is shown in Fig. 5. Included 
are the basic components of the device, including a laser and split photodetector to determine 
the z-deflection of the tip and, correspondingly, the surface. It should be noted that this 
strategy does not allow imaging of domains with field gradients oriented in the horizontal 
sample plane, and that the force on a magnetically coated tip providing contrast is from the 
vertical component of the stray field gradient (VH). This makes domain imaging of thin 
films, where the preponderance of domains are often in plane due to shape anisotropy, more 
difficult, and in general analysis of any domain imagery slightly more complicated. 
However, the end result is much the same as that of scanning electron microscopy 
topographical imaging (where the contrast is also dependent on a gradient) without the 
disadvantage of a spatially limited detector. Unfortunately, one problem with using ultra-
6 
sharp stylus tips coated with thin films is the irreproducibility of film thickness and 
accompanying irreproducibility of contrast from tip to tip. Thus, as long as quantitative 
measurements of the contrast are not desired, images obtained using this technique will both 
spatially and qualitatively match the physical picture of the sample domains and can be used 
by the researchers accordingly to interpret results of measurements in terms of domain 
structures. 
The imaging possibilities of this new instrument were quickly realized. The spatial 
resolution easily reached the tens of nanometers scale even with rough samples. Some quite 
striking images have been taken over the last few years, including those shown here in 
Figures 6-8 [7]. As can easily be seen, many domain features that would have required 
complicated electron or Kerr microscopy techniques to image can be obtained in little time 
and with less difficult analysis. In fact, the open nature of the stage makes it possible to add 
new capabilities to the instrument, such as applied field, temperature control, or other needed 
capabilities. 
Fig. 6: MFM image of a 
terfenol fracture surface. 75 
µm scan by D. G. Lord. [7] 
Fig. 7: Magnetic bubbles and 
stripes in an 8 µm thick garnet 
film. 100 µm scan by R. M. 
Westervelt. [7] 
Fig. 8: MFM image of domains 
spreading from small regions of 
a Co/Pt multilayer that have 
low anisotropy compared to the 
rest of the film. IO µm scan by 
L. Folks. [7] 
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2. CASE STUDIES: INTRODUCTIONS AND EXPERIMENTAL METHODS 
Due to the varied nature of domain structures, as demonstrated in the previous section, it was 
not expected that one experiment or set of similar samples would provide enough 
information to draw broad conclusions. Even among the same material, geometry, 
coercivity, exchange, anisotropy, temperature, and geometry can significantly affect domain 
observations. Five different case studies, therefore, have been investigated, discussed, and 
compared in an attempt to discover trends and consistent patterns, with the end goal of 
clarifying relationships between domain structures and other magnetic measurements. 
2.1 CASE STUDY 1: Stress in an FeSiAI thin film resulting in stripe domains 
As-deposited FeSiAl films sputtered in Ar usually have high coercivity, low permeability and 
large out-of-plane magnetic anisotropy [8]. However, in hard disk drive read heads where 
they are used for shielding (see Fig. 9), their desired properties are exactly the opposite and 
are usually achieved by a post-deposition anneal [9, 10]. The drawback to this anneal is its 
relatively high temperature of ~450°C, which is well above the temperature suitable for 
annealing of the entire read head assembly. The necessity to separate the process results in a 
degradation of the overall performance of the device. A deposition process providing desired 
soft magnetic properties in FeSiAl without annealing is therefore desirable, and 
investigations to this purpose discovered that nitrogen additions to the sputtering gas 
significantly affected film microstructure and magnetic properties in a way that can be useful 
for this application [11]. 
Shields 
I\.1R 
sensor 
~Reading 
Head 
8 
Poles 
Inductive Writing 
Head 
1 -+ I ....,. I -+ l + I -+ I + I 
Fig. 9: Diagram of magnetic data, with a read/write head and 
parallel recording medium. 
Several FeSiAl(N) films of varying N2 partial pressure were deposited using radio frequency 
diode sputtering. An alloy target of Sendust composition (85 wt.% Fe, 10% Si, and 5% Al) 
was used to deposit films on (100) Si wafers with 300 nm thermally grown SiO2. A constant 
forward power of 1.43 W/cm2, fixed deposition time, and fixed combined pressure of Ar and 
N2 gases were used to produce 1.7 µm films. The partial pressure ofN2 was set to values of 
0, 1 %, 2%, 3%, 4%, 5%, and 10%. Characterization of the films included vibrating sample 
magnetometry (VSM), TEM and SEM microstructural and compositional analysis, stress 
analysis, and magnetic force microscopy. Stress analysis was accomplished by measuring 
the curvature oflong strips on an atomic force microscope, using the compensated z position 
of the tip at contact and subtracting from the center to determine deflection. Equation (1) 
describes the stress in terms of the deflection, lateral position, substrate and film thicknesses, 
film and substrate moduli, and Poisson's ratio of the substrate, and Fig. 10 illustrates the 
bowing of the substrate due to the film deposition. 
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(1) 
In equation ( 1 ), y is the deflection, x is the lateral position, D is the substrate thickness, t is 
the film thickness, Es is the Young's modulus of the substrate, Eris the Young's modulus of 
the film, and Psis the Poisson's ratio of the substrate. 
y 
Fig. 10: Diagram of substrate bowing under stress from film 
deposition. 
For the in-situ applied field measurements, an electromagnet capable of producing an in-
plane field up to about 56 kA/m (700 Oe) was mounted on the sample stage. 
Demagnetization of the samples was accomplished by applying an ac field with decaying 
amplitude along the desired applied field direction. 
2.2 CASE STUDY 2: Magnetization reversal in CoFeHfO films 
CoFeHfD films have received considerable attention because of their combination of soft 
magnetic properties and high-frequency characteristics. It has been reported that CoFeHfO 
films deposited by reactive sputtering under a de magnetic field typically have an Ms value 
exceeding 1 T, a coercivity of a few hundred Alm and a high electrical resistivity of the order 
of magnitude of 600µQm [12]. These films were found to contain Fe (or Co-Fe) rich bee 
nanograins and an amorphous matrix containing a large amount of Hf and O [12]. The 
matrix provides a low conductivity barrier to the long range conduction of current, allowing 
for very high frequency performance due to suppressed eddy current loss, while the 
nanograins allow for a relatively high permeability of around 150 along the hard axis. The 
low loss factor of these films remains constant up to hundreds of megahertz, making 
CoFeHfO films a promising candidate for high frequency device applications. 
A CoFeHfO film (800 nm thick) and a CoFeHfO (10 nm) film overcoated with CrSi (10 nm) 
were used in this study. The CoFeHfO layers of the samples were deposited by reactive rf-
sputtering using an Ar+ 0 2 atmosphere onto Si (100) substrates with 200 nm of surface SiN. 
These films were annealed at 250°C for one hour in a magnetic field to induce an in-plane 
uniaxial anisotropy. Magnetization curves were measured from 7mm by 7mm samples using 
VSM along both the easy and hard axes of magnetization. Studies of the domain structure 
and magnetization reversals were made using MFM with tips magnetized perpendicular to 
the sample plane and the electromagnetic stage described above. Two series of MFM images 
were taken from each sample under various fields (up to 43.8 k:A/m) applied in-situ along the 
easy and hard axes of magnetization of the films. 
2.3 CASE STUDY 3: Anisotropy in a Complex Magnetic Material 
Gds(SixGe1-x)4 has recently received much interest due to its extraordinary response in 
several magnetic and electronic properties during changes in temperature and magnetic field. 
These include colossal magnetostriction, giant magnetoresistance, and giant magnetocaloric 
effect. Gds(SixGe1-x)4 undergoes a magnetic-crystallographic transformation at a Curie 
temperature which varies from 
~40 K to 320 K dependent on 
the Si to Ge ratio. During the 
transformation the material 
exhibits changes in strain as 
high as 104 parts per million, 
magnetoresistance of about 
25%, and the largest 
magnetocaloric effect ( an 
adiabatic temperature change 
when magnetized) to date 
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T<270 K 
Ferromagnetic 
T>270K 
Paramagnetic 
o.sA ---
Fig. 11: Crystal structure of Gd5(SixGe1_J4 in both low temperature 
and high temperature phases. Blue atoms are Gd atoms and red and 
yellow are Si and Ge, which are often interchangeable. 
[13]. The phase transition is a magnetic-martensitic transformation from a paramagnetic-
monoclinic crystal structure at higher temperatures to a ferromagnetic-orthorhombic crystal 
structure at lower temperatures and involves shear of sub-nanometer atomic layers in a 
complex crystal lattice through reversible breaking and reforming of covalent Si(Ge)-
Si(Ge) bonds between the layers [13]. A diagram of the crystal structure can be seen in Fig. 
11. 
Since initially the magnetic structure of this material was unknown, the assumption had been 
that the magnetic moments on the Gd atoms in the ferromagnetic state were nearly 
perpendicular to the b-axis, akin to magnetic structures observed in related Tb5Si4 and 
Tb5Ge4 compounds. However, exploratory single crystal MFM measurements indicated 
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differently, so more comprehensive characterization was initiated, including temperature 
dependent VSM and MFM. 
VSM measurements were collected using a Gd5(ShGe2) single crystal cube with all three 
axes identified using x-ray diffractometry. The sample temperature was maintained below 
the Curie point/transition temperature using a dry ice/ethanol mixture and hysteresis loops 
measured along the three principal axes of the crystal using a magnetizing field of maximum 
amplitude of 600 kA/m. Anisotropy coefficients were calculated from the hysteresis loops. 
An in situ MFM study of the phase transformation was carried out using an atomic/magnetic 
force microscope equipped with a sample heating/cooling stage. The sample stage consisted 
of a thermoelectric cooling unit capable of varying the sample temperature from about -3 0°C 
to +50°C, a copper transfer plate for better temperature uniformity, and a semi-enclosed 
chamber filled with flowing dry Argon gas to prevent condensation of water vapor at low 
temperatures. Each Gds(ShGe2) sample was attached to the stage using thermal tape to 
ensure good thermal contact. Temperature was monitored and maintained within ±0.2 K 
using a thermocouple attached to the heating/cooling stage. Each single crystal image was 
obtained from a different sample cut by electric discharge machining (EDM) with the 
specified crystal axis oriented normal to the largest sample face. 
A high-purity polycrystalline sample of composition Gd5(Sh.09Gei.91 ) was also cut and 
polished for comparison with the single crystal samples. The domain structures during the 
phase transition of this sample were recorded on the same heating/cooling stage. 
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Single crystal transition temperatures were measured by slowly increasing and decreasing the 
temperature of the sample at a rate ofless than 0.017 K/s while imaging the sample with both 
AFM and MFM. The transition temperature was recorded as the temperature at which the 
sample surface shifted due to the martensitic nature of the transition and magnetic contrast 
either appeared or disappeared, depending on transition direction. For the polycrystalline 
sample, the transition was recorded as the temperature at which the magnetic image began or 
finished changing. 
2.4 CASE STUDY 4: Melt-spun Fe1sSi10B1s Ribbons 
Fe-rich transition-metal type amorphous alloys with high boron content have been reported to 
have good soft magnetic properties as shown by static magnetic measurement [14]. Thus, an 
amorphous ribbon should provide good in-plane shape anisotropy and show significant 
changes in domain structure with changes in shape or stress. 
As an exploratory experiment, therefore, Fe1sSi10B1s ribbons were melt spun and 
mechanically deformed in the center to produce a gradient of physical distortion through the 
ribbon. Two bent ribbons were then mounted for microscopy to allow for traversing the 
surface while maintaining a parallel plane with the surface necessary for imaging. 
2.5 CASE STUDY 5: Magnetic Tunnel Junction Behavior 
Magnetic tunnel junction behavior, first observed at room temperature by Moodera and co-
workers [15], is a topic of great current scientific and technological interest. The electric 
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current through a magnetic tunnel junction relies on spin-dependent tunneling of the 
electrons from a ferromagnetic layer, through an insulating barrier, into another 
ferromagnetic layer, with the electronic spins correlated by ferromagnetic exchange forces 
within the magnetic domains in the ferromagnetic layers [16]. Tunnel junctions and their 
switching have been imaged using magnetic microscopy [17], but the true magnetic domain 
behavior of a spin-dependent tunnel junction as it reverses from high resistance to low 
resistance, and vice versa, has never before been observed while the resistance is 
simultaneously being measured. 
The resistance of a magnetic junction depends on the relative magnetization directions in the 
two ferromagnetic electrodes. Together with the electron band structure- in particular the 
differences in the relative densities of states in the majority "spin up" half band and the 
minority "spin down" half band as shown in Fig. 12 [18] -the resistance of the junction will 
vary significantly, depending on the applied field. Parallel alignment of the magnetization in 
the two ferromagnetic electrodes allows the conduction electrons that tunnel through the 
insulating barrier layer to find a similar density of states on the other side. Conversely, 
antiparallel alignment of magnetic domains in the two electrodes leads to majority 
conduction electrons from a high density of states finding that the density of states is much 
lower on the other side. This results in a higher resistance in the antiparallel configuration 
than in the parallel configuration. 
15 
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Fig. 12: Schematic of band structures in a magnetic tunnel 
junction showing the majority spin up and minority spin 
down half bands, and how the resistance is affected by the 
orientation of the magnetization in the electrodes on either 
side of the tunneling barrier [5] 
Multilayers of the structure Si(substrate)-NiFe(12nm)-AlOx(l.5nm)-FeCo(5.4nm)-
CrPrMn(32.8nm)-Al(5.4nm) were fabricated into magnetic tunneljunctions by Non-Volatile 
Electronics, Inc. [19], as sketched in Fig. 13. The junctions of interest had a tapered 
ellipsoidal shape, with the full junction multilayer stack structure covering half the ellipsoidal 
Al 
CrPtMn 
FeCo 
.... - AlOx 
NiFe 
Substrate 
Fig. 13: Schematic of magnetic tunnel junction sample. 
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area, and the other half the exposed NiFe free layer (divided along the long axis). Enough 
area of the stack and free layer were exposed from beneath Al interconnects to allow imaging 
by MFM. Easy axes were induced perpendicular to the ellipsoid axis by annealing under an 
applied magnetic field. One such multilayer device, as shown in Fig. 14, was selected and 
connected to a circuit via wire-bonding. The tapered half-ellipsoidal shape of this junction 
had dimensions of~ 12µm at the widest point along the short axis and ~40µm along the long 
axis. This device was then imaged on an MFM stage modified to include in-situ applied field 
capability. 
During imaging, a potential of 50m V was applied 
across the magnetic tunnel junction. The stack 
was positioned in the right half of the image and 
the free layer in the left half for easy comparison 
of the junction multilayer stack to the free layer 
electrode. The tip of the ellipsoid from which 
domain nucleation began was positioned at the 
top of the images. As the free layer of the 
junction was known to have a coercivity of 
Fig. 14: Optical micrograph of NVE tunnel 
junction test pattern, with ellipsoid junctions 
visible. Magnification 250X. 
~800A/m (10 Oe), the field was first increased to +2.4KA/m, decreased to -3 .6KA/m, and 
returned to +2.4KA/m, with domain images taken by MFM at intervals of typically 400 Alm. 
Images were taken at smaller field intervals in the hysteretic region, where changes in 
domain structure with changing field were much more rapid, and resistances were recorded 
using a Keithley 3000 series sourcemeter at all field steps. 
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3. RESULTS 
3.1 CASE STUDY 1: Stress in an FeSiAI thin film resulting in stripe domains 
Initial vibrating sample magnetometry measurements are summarized in figures 15, 16, and 
17, with the film stresses included in figures 16 and 17. 
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Fig. 15: Saturation magnetization as a function ofN 
partial pressure. 
There is quite a drastic transition in properties from the 4ppN2 film to the 5ppN2 film evident 
in the stress, coercivity, and saturation field curves. Although this change is not as visible in 
the Ms data, the microstructural information obtained via SEM and TEM microscopy (Fig. 
18) confirms a significant microstructural change in the films between those fabricated at 
these partial pressures of nitrogen. 
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b 
d 
Fig. 18: SEM (a) and TEM (b-d) micrographs ofOppN2 (a 
and b), 5ppN2 (c) and 10ppN2 (d). Electron diffraction 
patterns are included for the TEM micrographs. 
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Fig. 19: Left: MFM images at remanence for 0%, 
3%, 5%, and 10% pp N2 in the sputtering gas. 
Right: Stripe domain width as a function of 
nitrogen partial pressure. 
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MFM results, then, were expected to show some change between the same samples. Fig. 19 
shows both qualitative and quantitative differences between the domain structures at 
remanence. If the domain width plot is examined, it appears that there is simply an 
incremental change across the entire composition range. This observation is supported by the 
remanence images, which show both a continual decrease in domain width and apparent long 
range length (the lines of the stripes are less straight). However, in-situ applied field imagery 
from film to film is quite different; as can been seen in figures 20-22, the high field 
nucleation of domains for the higher pp N2 samples is much more random (there is less 
domain pinning) and domain rotation finishes at much lower fields, corresponding to the 
smaller saturation fields measured in the VSM. These figures include the VSM hysteresis 
loops for each sample. 
:,o o11 n co to ,o;, 
Applied field (kNm) 
IOµm 
Fig. 20. MFM images obtained from the 0% pp N film in applied fields of (a) 19.9 
kA/m, (b) 8.0 kA/m, (c) 0kA/m, (d)-5.5 kA/m, (e)-15.9 kA/m, and (f)-20.0kA/m 
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Fig. 21. MFM images obtained from the 3% pp N film in applied fields of(a) 51.8 
kA/m, (b) 19.9 kA/m, (c)O kA/m, (d)-8.0 kA/m, (e)--43.8 kA/m, and (f) - 51.8 kA/m 
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Fig. 22. MFM images obtained from the 5% pp N film in applied fields of (a) 19.9 
kA/m, (b) 9.6 kA/m, (c) 0 kA/m, (d) - 2.4 kA/m, (e) - 10.0 kA/m, and(f)-19.9 kA/m 
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In fact, the pinning of domains despite saturation of the sample is the greatest difference seen 
from film to film, and is illustrated in Fig. 23. This figure shows the 0% and 5% pp N2 films 
at remanence after being magnetized to saturation in opposite directions. While the 5% film 
shows little similarity between the two images, the 0% film demonstrates several areas that 
are clearly domains with complementary contrast. In effect, the domain walls have been 
pinned to the same location despite the apparent saturation and destruction of stripes at 
higher fields. 
lOµm 
Fig. 23: MFM images obtained from the 0%pp N film at the oppositely magnetized remanent states are 
shown in (a) and (b). Notice the complementary contrast of the highlighted regions. The MFM images in 
(c) and (d) were obtained from the 5%pp N film at the oppositely magnetized remanent states 
3.2 CASE STUDY 2: Magnetization reversal in CoFeHfO films 
The magnetization curves along the easy and hard axes of the samples are shown in Fig. 25-
26. The observed reduction in magnetization at high field in the thin CoFeHfO film (Fig. 
24b) is likely due to the diamagnetic response of the Si substrate which was not subtracted 
23 
from the measured signal. The hysteresis loop parameters are summarized in Table I. The 
easy-axis hysteresis loops of both the thick CoFeHfO film and the thin film exhibit high 
squareness, suggesting that the magnetization reversal involves mostly irreversible domain 
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Fig. 24: Hysteresis loops measured along the easy and hard 
directions. (a) CoFeHID (800 nm) film, (b) CrSi/CoFeHID 
(10 nm) film. 
wall motion in the films. The hard-
axis loops of both films indicate 
domain rotation. The anisotropy 
fields were measured to be 6.0 kA/m 
and 5.4 kA/m for the thick and thin 
films, respectively. 
Both films showed significant 
changes near their coercive fields 
when a field was applied along their 
easy directions. Fig. 25 gives 
examples ofMFM images of the 
thinner film under various fields 
applied along the easy axis. The 
domain pattern remained essentially 
the same when the reversed field was 
below the coercive field. As the 
reversed field was increased to about 
the coercive field (670 Alm), large-
scale changes in the domain pattern were observed, accompanied by a local switching of 
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image contrast in regions about 0.2 µm in size. The domain structure remained unchanged as 
the reversed field was further increased. Similarly, the thick CoFeHfO film exhibited 
greatest changes in domain structure when the reversed field was increased from about 2 
kA/m to 3 kA/m, which was close to the coercivity. 
TABLE I 
MAGNETIC' PROPERTIES OF TIIE TIIICK CoFeHfO (800 11111) SAMPLE AND 
TIIE TIJIN CoFeHfO ( 10 nm) SAMPLE ALONG THE EASY AND f-lARD 
A..'\'.ES OF MAGNETIZATION 
CoFeHO film.(thickness: 800 nm} 
CotICivil;y lumand Susceptililty lt 
(A.b) mtoietiatnt f)<Ahn) coercive pon. 
Euytxi 1777 794 2448 
Harduas 165 101 125 
C&Si-eo1tdC0FeH10fum(tli,~; 10 nm) 
Comivil;y RelDlned. Sl!Keptililq tt 
(A.tu) ~tiatm f)<Mn) coadvtpoirl. 
Euym 610 185 J:333 
Harduck <361 <25 149 
When a field was applied along the hard axis of the thin CoFeHfO film, a distinctive reversal 
process was observed, as shown in Fig. 26. A domain pattern (width <0.5 µm) with out-of-
plane stray field components became apparent at about 1.3 kA/m. As the applied field was 
increased, the domain features rotated gradually. During this process, the image contrast 
increased, reached a maximum when the striations aligned perpendicular to the field (i.e., 
parallel to the easy axis) and then diminished as the sample approached saturation. This is in 
contrast to the results obtained from the thick CoFeHfO film that showed relatively little 
domain switching and a smaller change in contrast. 
11 ]Ltm 
Fig. 25: MFM images obtained from the 10 nm thick CoFeHfD film under 
magnetic fields of(a) 0 Alm, (b) 398 Alm, (c) 1.59 KA/m and (d) 2.47 
KA/m applied along the easy axis. The easy axis coercivity is 670 Alm. 
1 u 
Fig. 26: MFM images obtained from the 10 nm thick CoFeHfD film under 
magnetic fields of(a) 799 Alm, (b) 2.39 Alm, (c) 6.45 KA/m and (d) 9.95 
KA/m applied along the hard axis. 
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3.3 CASE STUDY 3: Anisotropy in a Complex Magnetic Material 
Fig. 27 shows the domain structure of three different Gd5(SL2Ge_2) single crystals in the 
ferromagnetic state, with the a, b, and c-axes perpendicular to the surface, respectively. It 
should be noted that each face was aligned at room temperature, so the a-axis image was 
slightly misaligned after a significant martensitic shift during the transition. The crystal with 
the c-axis perpendicular to the surface was known to change phases due to significant lateral 
movement of physical surface features ( ~ 15 µm) at a likely transition temperature. 
a 
C 
Fig. 27: 20x20 µm images of single crystals in ferromagnetic state (at 260K) 
with, from top left, a-, b-, and c-axes perpendicular to the surface. 
b 
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The difference between the three axes is striking. The a-axis image exhibits stripes of 
relatively strong contrast and of periods of two lengths scales, the first on the scale of 1-2µm 
and the second on the scale of ~5µm, the b-axis highly branched rosette domains, and the c-
axis shows complete uniformity. The lack of contrast in the c-axis image was verified to 
well below the transition temperature and for multiple transition cycles, and in all cases the 
transition from paramagnetic to ferromagnetic or vice versa was very rapid - within a ti T of 
less than 0.1 °C and a time of less than a few seconds. There was, however, a transition 
temperature hysteresis of ~2°C in all samples. 
Fig. 28: MFM images showing the phase transition of polycrystalline Gd5(Si2_09Ge191) sample 
(3 ° phase contrast, 20 µm scans). The temperature of the sample is marked for each image. 
The domain structures of the polycrystalline sample were, as expected, quite different. 
However, there was also a marked increase in the ti T necessary for the phase transition to 
progress completely. Both of these observations are illustrated in Fig. 28. 
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The transition temperatures measured for all samples were in good agreement with thermal 
expansion data, allowing for the interpretation that domain structures in the single crystals 
were only present in the ferromagnetic phase [20]. Fig. 29 shows the a-axis sample in the 
paramagnetic and ferromagnetic states as an example. 
Fig. 29: a-axis single crystal Gd5(Si2Ge2) sample in paramagnetic and 
ferromagnetic states (left and right). Temperature of the sample is as marked. 
Vibrating sample magnetometry data for the single crystal cube is shown in Fig. 30 and 
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Fig. 30: VSM hysteresis loops for a-, b-, and c-axes of single crystal Gd5(Si2Ge2) at 260K. 
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indicates quite clearly a uniaxial anisotropy along the b-axis of the crystal, with the a- and c-
axes being equally hard. 
In order to perform the anisotropy calculations, it is assumed that the magnetization curve is 
reversible and that the magnetization mechanism along the hard axis is entirely by reversible 
moment rotation. The anisotropy energy is then the difference in energy required to saturate 
magnetization along the hard and easy directions. This assumption is not entirely valid, but 
is often used to make analysis practical. If the energy to saturate in each direction is the area 
between the magnetization curve and the M axis, then the anisotropy energy is the difference 
in these two areas [21]. To determine the anisotropy coefficients, parametric equations were 
fitted to each magnetization curve and linear equations fitted to the linear portions of the a-
and c-axes. For uniaxial anisotropy, Ea = K 1 sin 2 0 + ... [21 ], so 
K1 = Wcoo11 - Wco101 = 4.1 ± 0.2 x 104 J/m3. This value for K1 is comparable to iron and to 
uniaxial garnets, is an order of magnitude less than Co or BaFe12O19, and is an order of 
magnitude larger than nickel. 
3.4 CASE STUDY 4: Melt-spun Fe15Si10B1s Ribbons 
Images shown in Fig. 31 and 32 were arranged as a collage of separate images, spatially 
oriented, with each image 40 µm square. Rectangular micrographs were merged from 40 µm 
square single images using photo editing software. 
In both Figures 31 and 32, as the strain increases (toward the right in both figures), the 
magnetic contrast increases, the band width of the domains increases, and the structure 
30 
transforms qualitatively. In fact, in Fig. 31 c, the far right of the image shows a transition to 
another domain structure entirely, as highlighted below. 
Free side 
Wheel side 
a - Non-deformed b - Slightly deformed c -Deformed 
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Fig. 31: Comparison of AFM topography (top) to MFM magnetic information 
(bottom). Slip planes can easily be seen in the surface, with increasing 
magnetic contrast and band width as the physical deformation increases. 
AFM 
MFM 
100 µm 
Fig. 32: Comparison of AFM topography (top) to MFM magnetic information 
(bottom), similar to Fig. 13 but in a different location on the ribbon. 
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In this area, the most highly deformed of any of the regions, the degree and length scale of 
domain branching is quite high over most of the surface, even in the areas that still show 
regular stripes. The highlighted area appears to show a shift from the dominant stripe 
structure towards complete branching without the regular stripe length scale period. 
3.5 CASE STUDY 5: Magnetic Tunnel Junction Behavior 
For all of the following images, the junction stack is located 
on the right side of the image (R) and the exposed free layer 
is the left (L), as shown in Fig. 33. The step boundary, 
which is the physical edge between the junction stack and 
the free layer, is seen as a straight line in the center of the 
magnetic image, with the separation allowing for easy 
companson. 
Fig. 33: Representative image of 
junction device. 
The field-resistance hysteresis loop for the junction, representative images of increasingly 
negative field, and increasingly positive field are shown in Fig. 34 through 36, respectively. 
~R/R for this junction was ~20%, indicating simply that the device was working and 
representative of a fairly basic tunnel junction. As expected, for applied fields well outside 
the hysteretic region of the R-H loop, the MFM images show no magnetic contrast on either 
the free layer side or the multilayer stack side of the junction. This is due to saturation of the 
magnetization in the device plane, leaving no perpendicular contrast to image. In the 
hysteretic region, domain structure becomes more complex, rotating significantly out of the 
sample plane. This smaller scale structure appears before the resistance begins to change. 
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Also of note is a possible vortex at 
the ellipsoid tip, and a flux closure 
path between the CoFe layer and 
NiFe free layer showing varying 
contrast based on the magnetization 
direction between the layers. 
Specifically, as the field becomes 
more negative from positive 
saturation, small, three dimensional 
Fig. 34: Plot of junction resistance versus planar applied field. 
domains nucleated in the junction at 
about 10 Oe in the loop of Fig. 34, 
and spread to the entire area through 
the transition and persist in the 
junction stack until the field strength 
reaches about -20 Oe, all shown in 
Fig. 35. Domain magnetizations 
return to the sample plane (two 
dimensional) after the field is 
increased beyond -20 Oe. The center 
magnetic flux stripe is wider and has 
higher contrast at negative saturation 
Fig. 35: Magnetic force microscope images 8 µm square 
of a section of tunnel junction, with NiFe free layer 
electrode on the left and junction multilayer stack on the 
right. Applied magnetic field strengths are, from left to 
right and top to bottom, 30, 9.9, 6.1 , 3.7, 1.8, -2.8, -7.9, 
-14.1 , and -42.5 Oe. Possible rotating vortex domain 
wall is circled. 
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than at positive, and almost disappears at during the transition. As the field reverses toward 
the positive direction, the nucleation process essentially reverses. The 3-D domains first 
appear in the free layer electrode and disappear last in the junction stack, and the dark flux 
line reappears along the physical edge at saturation. One significant difference is a larger 
scale domain boundary that moves toward the ellipsoid end as the field increases. 
Fig. 36: Magnetic force microscope images 8 µm square 
of a section of tunnel junction, with NiFe free layer 
electrode on the left and junction material stack on the 
right. Applied magnetic field strengths are, from left to 
right and top to bottom, -20.5, -10.5, -4.5, 1.5, 3.5, 5.5, 
7.2, 11.6, and 29.5 Oe. Vortex and large-scale wall are 
circled. 
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4. DISCUSSION 
4.1 CASE STUDY 1: Stress in an FeSiAI Thin Film Resulting in Striped Domains 
Figure 20 shows the MFM images obtained from the same area of the 0% pp N sample at 
various stages of the hysteresis cycle. After the sample had been magnetized to saturation, on 
reducing the applied field a fine and irregular stripe domain structure nucleated (Fig. 20b ). 
The stripe domains coarsened and became more regular as the applied field was reduced to 
zero (Fig. 20c ). Along the steepest part of the hysteresis loop local switching of image 
contrast occurred, leading to connection and disconnection of the stripe domains (Figs. 20c-
d). This suggests that the perpendicular magnetization component of parts of the stripe 
domains reversed. During this stage irreversible changes of the in-plane magnetization 
component also took place as indicated in the measured hysteresis loop. It was noticed that in 
this stage the domain width remained relatively constant and that independent switching of 
image contrast of parts of a stripe domain were observed. These observations seem to suggest 
that the irreversible changes of the in-plane component occurred mainly by local switching of 
domain magnetization or by local motion of short sections of domain wall. This may be 
accompanied by switching of the perpendicular component that was manifested as switching 
of the image contrast. This magnetization reversal process is different from that brought about 
by simultaneous motion of long domain wall sections. In the latter case, domains of the 
preferred magnetization direction would be observed to grow at the expense of neighboring 
domains as domain walls moved. Growing areas of the uniform MFM image contrast would 
be observed. This is contrary to the present observation that the stripe domain persisted and 
the domain width remained unchanged. The persistence of the stripe domain pattern could be 
due to the fact that the magnetostatic energy associated with it is lower than that of a 
35 
uniformly magnetized domain that has a uniform perpendicular component. 
As the reverse field was increased beyond the coercive field the stripe domains disintegrated 
into short and irregular segments (<0.5 µm, Fig. 20e). An interpretation of the observed 
change is that the process consists of local switching of domain magnetization of a few grains 
into the film plane (the grain size was measured to be about 0.1 µm by TEM). This process is 
hysteretic as indicated in the high-field regime (from about 1.2 to 16 kA/m) of the 
magnetization curve. The domain width was found to decrease when the applied field was 
increased beyond the coercive point as a result of the disintegration of the stripe domains. 
Similar variations in stripe domain width with applied field in the high field regime have been 
observed in previous studies on other Fe-based thin films [22, 23]. Further increases of the 
applied field caused the image contrast to decrease as the in-plane magnetization along the 
field direction increased toward saturation (Fig. 20f). 
Similar sequences of changes in MFM images were observed in the nitrided films. 
Nevertheless several differences in magnetization reversal between the 0% pp N film and the 
1 %-4% pp N films were noticed. For comparison the MFM images taken from the 3% pp N 
film are shown in Fig. 21. In the 3 % pp N film a stripe domain structure was nucleated at a 
higher field than in the 0% pp N film (compare Fig. 21a with 20a). A larger reverse field was 
needed for domain switching to take place in the 3% pp N film than in the 0% pp N film, 
showing that domain wall pinning is stronger in the former. Similar behavior was observed in 
the 1, 2, and 4% pp N films. These observations are consistent with the results of the VSM 
measurements which show that the 1 %--4% pp N films had higher coercivities than the 0% pp 
N film. 
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The domain reversal of 5% and 10% pp N films exhibited subtle differences from that 
observed in the 0%-4% pp N films. As shown in Fig. 22, after stripe domains were nucleated 
(Fig. 22b) the domain pattern of the 5% pp N film exhibited smaller changes (Figs. 22c and 
22d) than in the 0%-4% pp N films along the steepest part of the hysteresis loop. As the 
reverse field was increased beyond the coercive field the bright stripes became wider than the 
dark stripes. No disintegration of the stripe domains was observed when the sample 
magnetization approached saturation. Similar domain reversal was found in the 10% pp N 
film. This observation is in contrast to that made on the 0%--4% pp N films. A possible 
explanation is that in the high field regime the magnetization process taking place in the 5% 
and 10% pp N films involved mainly uniform rotation of domain magnetization towards the 
sample plane, while in the 0%--4% pp N films local switching of domain magnetization 
occurred instead. 
Evidence of strong domain wall pinning was actually observed in the 0%--4% pp N films. An 
example is given in Figs. 23(a) and 23(b) which shows the MFM images obtained from the 
0% pp N sample at oppositely magnetized remanent states. Regions with complementary 
image contrast were observed. This indicates strong domain wall pinning, probably at the 
grain boundaries, as the domain width was of the same order of magnitude as the grain size 
(---400 nm versus ~250 nm, respectively). This suggestion is supported by the fact that strong 
domain wall pinning was not observed in the 5%-10% pp N samples. As shown in Figs. 23( c) 
and 23( d), the stripe domain structures found in the 5% pp N sample at the oppositely 
magnetized remanent states show much less repetition than in the 0% pp N sample. The 
observed difference in domain pinning between the two groups of films (namely the 0%--4% 
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films, and the 5%-10%pp N films) could be related to the change in the film structure as pp 
N was increased from 4%to 5%. It was found in the TEM study that the 0%-4% pp N films 
have large columnar bee grains ( ~0.1 µm), while the 5% and 10% pp N films consist of a 
mixture of randomly oriented equiaxed bee nanograins (10 nm diameter or less) in an 
amorphous matrix (Fig. 18). Since the grains in the 5% and 10% pp N films are much smaller 
than the domain width, the effect of ripple and the strength of domain wall pinning are 
weaker than in the 0%-4% pp N films. 
This data all correlates with the shapes of the VSM loops in figures 20-22, with the local 
switching at hysteretic field points and coherent rotation along the sloped regions of the loop, 
as seen in the corresponding figures and as discussed above. 
4.2 CASE STUDY 2: Magnetization reversal in CoFeHfO films 
As seen in Fig. 24 the easy axis hysteresis loops of both the thick CoFeHfO film and the thin 
coated film exhibit high squareness, suggesting by themselves that the magnetization reversal 
involves mostly irreversible domain wall motion across the films with very little domain 
rotation. The hard axis loops of both films indicate the opposite, with most of the 
magnetization reversal likely brought about by domain rotation. This conclusion agrees well 
with the domain patterns of Fig. 25 in which all observed changes were in local switching of 
regions about 0.2 µmin size, and to the domain patterns observed in the thicker film. Both 
of these changes occurred near their respective coercive fields, as would be expected. The 
lack of change as the field is further increased in either direction also correlates to the VSM 
picture of the film magnetization. 
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The imagery along the hard axis of the thicker film showed little either in the way of domain 
switching as in Fig. 25 or in changes in image contrast as in Fig. 26. Thus the magnetization 
reversal in this film probably involved coherent rotation of domains in the sample plane, 
which is usually expected in films with an in-plane uniaxial anisotropy under hard-axis 
applied fields. This sample can then be said to match the VSM loop predictions of domain 
behavior quite well. However, the drastic contrast changes and domain changes seen in the 
thinner CoFeHtD film (Fig. 26) are less easily explained. The domain pattern likely 
corresponds to the formation of magnetic ripples caused by local variations in anisotropy 
[24]. Adjacent domains would have anti-parallel magnetization components along the easy 
axis but parallel magnetization components in the applied field direction. Increasing the 
hard-axis field causes the domain magnetization to rotate toward the field direction in all 
three dimensions, leading to a maximum in contrast when the in plane components of the 
magnetic moments could lie along the energetically favorable easy axis. During this rotation, 
the contrast increases and decreases as seen in the micrographs. 
4.3 CASE STUDY 3: Anisotropy in a Complex Magnetic Material 
The rosette domain patterns visible in Fig. 27b and Fig. 37 are unique to a specific group of 
materials - ferromagnets with a relatively high, uniaxial anisotropy. While the stripes in Fig. 
27a may seem to contradict this, these stripes are consistent with a small angular shift of the 
b-axis (~3°) as the crystal transitions from monoclinic phase to orthorhombic phase. As the 
samples were cut with specific axes normal to the sample plane at room temperature, the face 
of the ferromagnetic low temperature phase would no longer be parallel to the b-c plane of 
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the crystal structure. When both of these images are compared to Kerr images of a NdFeB 
single crystal (Fig. 37), the magnetic moment alignment of the Gds(SiiGe2) single crystals 
becomes quite clear, even without comparison with the VSM data. These domain structures 
are a result of large domains aligned along the b-axis in the bulk crystal. The domains near 
the surface of the crystal begin to branch into smaller domains to minimize surface stray field 
energy as seen in the side plane Kerr image in Fig. 37. When viewed with the easy axis of 
the crystal perpendicular to the surface, these branches appear as the rose patterns seen in 
NdFeB, cobalt, other uniaxial materials, and now this complex gadolinium-silicon-
germanium material. This conclusion is in marked contrast to the a- or c-axis anisotropy 
expected of this material and to related Tb5Si4 and Tb5Ge4 compounds, as mentioned above. 
In fact, this bulk magnetic structure is counter-intuitive given the crystal structure illustrated 
in Fig. 11. It implies that the magnetic exchange of the Gd ion moments is not between Gd 
nearest neighbors in the a-c slabs as might be anticipated, but instead is indirect, propagating 
perpendicular and along interplanar (Si, Ge HSi, Ge) bonds. Despite this conceptual 
difficulty with the results, they are strongly substantiated by the VSM results on one single 
crystal in Fig. 30 and are compatible with the significant increase in interplanar Si-Ge 
bonding in the ferromagnetic phase from the monoclinic phase. 
The peculiar patterns observed in the high purity polycrystalline samples in Fig. 28 could 
also be interpreted in terms of the presence of a strong magnetic anisotropy. When the easy 
direction is inclined at an acute angle to the surface normal, the domains in the bulk have a 
magnetization component normal to the surface. The branching seen in the single crystal 
samples would therefore occur near the polycrystalline surface as well. 
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Basal plane 
Branching of 
domain structure 
Side plane 
Fig. 37: Side-by-side comparison ofMFM images ofb-axis and a-
axis Gd5(Si2Ge2) images (top and bottom left, 20 µm square) and 
Kerr images of basal and side planes ofNdFeB single crystals. 
As the temperature was lowered through the transition, the length scale of the domains might 
increase as the bulk-scale magnetic ordering increased. This is supported by thermal 
expansion studies at the phase transformation, which indicate a smaller range of temperature 
over which the transition occurs, and hence sharper order-disorder transitions in these same 
single crystal samples than in the polycrystalline sample [20]. 
4.4 CASE STUDY 4: Melt-spun Fe1sShoB1s Ribbons 
These ribbons also show a stripe domain structure when stressed (Fig. 31-33). When this 
structure is combined with the dendritic branching of the stripes (similar to the branching 
discussed in the case of the Gd-Si-Ge material), it is quite clear that, in this case, the tensile 
stress has pushed the anisotropy out of the ribbon plane. As seen in each figure, as the 
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degree of deformation increases, the contrast, stripe width, and stripe branching all change 
toward structures indicative of a strong out-of-plane anisotropy. 
4.5 CASE STUDY 5: Magnetic Tunnel Junction Behavior 
The line of dark contrast at the edge of the junction stack (Fig. 33, 35 and 36) indicates a 
strong spatial gradient of the magnetic field. The reason for such a state is that the magnetic 
flux path through the CoFe pinned layer either looped into the NiFe free layer (if the two 
dimensional configuration is antiparallel) or was repelled by the NiFe free layer (parallel 
configuration). This is supported by the disappearance of the line during switching of the 
junction and by the measured resistance of the junction device. The contrast is strongest 
when the antiparallel configuration drives a higher resistance and weaker when the parallel 
configuration drives a lower resistance. See images 1, 6, and 9 of Fig. 35 for representative 
examples. 
Between ±He, smaller domains with higher stray field indicate a complicated rotation 
mechanism for the moments in the free layer. The larger domains seen at higher fields do not 
rotate coherently; they nucleate, rotate independently and often out of the sample plane, and 
then recombine to form larger domains again in the oppositely magnetized state. These 
patterns are caused by the combined effects of applied magnetic field, magnetic anisotropy, 
and magneto static effects of the pointed ellipsoidal shape, the straight edge of the multilayer 
stack, the thin-film aspect ratio of each electrode, and the layers and their domain walls on 
each other. The magnetization change of the free layer is clearly not caused by simple 
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rotation or flipping. In fact, each reversal sequence shows a domain structure that might be a 
vortex (see circled regions in Fig. 35 and 36). 
It should be noted that the behavior of the domains exhibited in Fig. 36 appears to match the 
behavior modeled for tapered ellipsoids and show similarities to "domain wall traps" 
modeled by McMichael et. al. [25]. The shapes are intended to nucleate domains near the 
center of the ellipse and allow for domain wall travel toward the ends under increasing 
applied field, which occurs on a longer length scale in the center three images of Fig. 36 
(smaller scale domains disappear in a line from bottom to top). In the last image there is a 
sustained light contrast, much like the domain configuration modeled for the traps, which are 
of dimensions ~0.5µm x ~0.25µm. Qualitatively, then, the behavior ohhis larger junction 
can serve as a model for smaller, device-sized junctions. 
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5. CONCLUSIONS 
In the first case study involving the FeSiAl thin films, contrast and spacing of domain 
patterns are clearly related to microstructure and stress. As would be expected from 
magnetomechanical calculations, the greater the stress, the greater the perpendicular 
anisotropy. This is clearly seen from the increase in contrast and saturation field as the stress 
of the film increases (all are maximums in the 3% film). Microstructure seems to contribute 
most strongly to local site pinning of domains. The VSM loops for these samples can, then, 
be easily explained. 
Case study #2 most clearly demonstrates localized, incoherent domain wall motion switching 
with field applied along an easy axis for a square hysteresis loop. The thicker CoFeHfO film, 
in fact, appeared to demonstrate expected coherent rotation behavior for the hard axis as well. 
However, hard axis images of the thinner film, with their unexpected perpendicular rotation 
behavior, demonstrate how localized imaging of domains can be almost uncorrelated to the 
bulk behavior of a material. 
In case study #3, axis-specific images of the complex Gd-Si-Ge material clearly show the 
influence ofuniaxial anisotropy. These MFM images qualitatively predicted the VSM 
measurements quite well, as proven by the anisotropy calculations performed. In effect, the 
images quantitatively reflect the anisotropy coefficients to within an order of magnitude, as 
the type of patterns seen in Fig. 27 are characteristic to materials with uniaxial anisotropy 
coefficient K1 within about an order of magnitude to 104 J/m3. 
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Case study #4, the only study with the sole intent of creating domain structures for imaging, 
also demonstrated in fairly simple terms the effects of increasing stress on domain patterns. 
These ribbons also show a striped domain pattern when stressed, and when combined with 
dendritic branching of the stripes, the images again indicate that the anisotropy of the ribbon 
has been pushed out of the ribbon plane. Contrast and properties of stripes change with 
degree of deformation up to the point seen in Fig 31. The pattern seen highlighted in this 
figure even begins to qualitatively match the rosettes seen in the Gds(ShGe2) single crystal. 
In case study #5, it was proven that the width of magnetoresistance loops could be 
quantitatively predicted using only MFM. However, the magnitude of the resistance change 
can not be predicted, as the nature of the in-plane magnetizations of the electrode layers 
cannot be measured using MFM. It may be possible, then, to combine Kerr or TEM domain 
imaging with MFM to predict all qualities of an MR loop. The "squareness" of hysteresis 
was shown to be directly related to the switching of smaller domains between parallel and 
antiparallel states, a process that may be more characteristic of similar large junctions than 
smaller junctions used in memory arrays and other products. The longer scale domain 
behavior ofthis junction does, however, seem to correlate with modeling of smaller 
junctions, as noted in the discussion above. 
When all case studies are considered together, a dominating factor seems to be that of 
anisotropy, both magnetocrystalline and stress induced. Any quantitative bulk measurements 
heavily reliant on K coefficients, such as the saturation fields for the FeSiAl films, He in 
cases 1, 3, and 5, and the uniaxial character of the Gds(ShGe2), transferred to and from the 
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domain scale quite well. In-situ measurements of domain rotation and switching could also 
be strongly correlated with bulk magnetic properties, including coercivity, Ms, and hysteresis 
loop shape. In most cases, the qualitative nature of the domain structures, when properly 
considered, matched quite well to what might have been expected from theory and 
calculation, and provided such information in a matter of minutes. In fact, typical 
characterization in each of these studies was far more complete and reliable with domain 
imagery to back it up - especially the single crystal and applied field pictures. In these 
simple cases, it appears that domain imagery may be close to standing alone in magnetic 
characterization. The surprises in the 10 nm CoFeHfO film, the complexity seen in the 
polycrystalline Gd-Si-Ge sample and the broad range predictions of the K1 of the same 
reinforce the unreliability of making concrete statements based purely on domain imagery of 
any type, but it may be possible to create standards similar to the types used in optical 
microscopy for metallography in these complex cases. 
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Abstract 
In a series of RF-sputtered soft FeSiAl(N) films, the partial pressure (pp) ofN in the plasma was observed to have 
a profound effect on the magnetic properties, stress, and microstructure. 1 % (pp) N caused the coercivity (H.) to more 
than double. H. peaked for 3% (pp) N, then decreased steeply for N > 4% (pp). Stress appears to have a major influence 
on the magnetic properties. Film stress correlated quite clofely with He· Hysteresis loops appear to indicate a stripe 
domain structure in which the magnetization has in-plane components which are aligned parallel, but perpendicular 
components which alternate up and down. Stripe domains were observed directly by magnetic force microscopy. The 
microstructure also changed significantly with added N. 1 % (pp) N caused the strong (11 O} texture to become very weak. 
r:or > 4% l.w} N. there was a transition from textured columnar 100nm diameta .DCC grains to a .miuuxe of 
:randomly-oriented, eqniaxed .DCC nanograins (10nm or less) in an amorphous matrix. Transmission electron micros-
copy observations appear to indicate that the grain refinement and phase separation take place by a decomposition 
p:rocess. Saturation magnetization also decreased with added N for > 4% (pp) N, indicating that one of the two phases 
has a lower M. value. © 2001 Elsevier Science B. V. All rights reserved. 
Keywords: Soft magnetic materials; Sputtering, RF; Anisotropy-stress induced; Domain pattern 
There has been considerable interest in sputtered 
FeSiAl(N) films as soft magnetic shield layers for disk 
drive read heads. N can have a strong effect on the 
microstructure and magnetic properties [1,2], yet these 
effects are still not well understood. In order to investi-
gate the effect of N, a series of films was RF diode 
sputtered from an alloy target (85Fe-10Si-5Alwt%) 
onto Si02 /Si substrates using an Ar/N gas mixture, vary-
ing N partial pressure (pp), and keeping total gas pres-
sure (9.6mTorr), forward power (1.43W/cm 2), and film 
thickness (1.7µm) constant Magnetic properties were 
• Correspondence address. Ames Laboratory, 205 Metals De-
velopment, Iowa State University, Ames, IA 50010, USA. 
Fax:+ 1-515-294-8727. 
E-mail address: jesnydeI@iastate.edu (J.E. Snyder). 
characterized by vibrating sample magnetometry (VSM) 
and magnetic force microscopy (MFM). Film stress was 
determined from atomic force microscopy (AFM) 
measurements of the curvature of the film-substrate 
combination, using the equation of Eckertova [3] and 
the Si data of Ma [ 4]. Film structure and microstructure 
were determined from X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), and SEM fracture 
cross-sections. Film compositions were characterized by 
energy dispersive X-ray (EDX) analysis and parallel elec-
tron energy loss spectroscopy (PEELS). 
Nitrogen has a strong effect on the magnetic properties 
of the films (Fig. 1). 1 % (pp) N caused the coercivity (HJ 
to more than double. H. peaked at 3% (pp) N, then 
decreased steeply for N > 4% (pp). Stress appears to 
have a major influence on the magnetic properties. All 
the films showed compressive stress, the magnitude 
0304-8853/01/$-see front matter © 2001 Elsevier Science B.V. All rights reserved. 
PII: S0304-8853(00)00820-9 
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Fig. l. In-plane coercivity (H c) and magnitude of compressive 
stress as functions of N partial pressure. 
correlating closely with He (Fig. 1). The in-plane hyster-
esis loops, while very steep near the origin, all showed 
curved high-field portions that suggested the presence of 
a stripe domain structure of the type first described by 
Fugiwara [5], in which neighboring stripes have aligned 
in-plane magnetization components, but their perpen-
dicular components alternate up and down. MFM obser-
vations of the films at remanence showed stripe domains 
in all samples (Fig. 2), with alternating light and dark 
contrast showing the presence of alternating perpendicu-
lar magnetization components. Stripe width (determined 
from Fourier analysis) decreased with increasing N con-
tent, varying from 0.51 µm for 0% (pp) N to 0.25 µm for 
10% (pp) N. 
The structure and microstructure also changed signifi-
cantly with added N (Fig. 2). Films sputtered with 0% 
N showed a columnar microstructure ( observed by SEM 
fracture cross-section), BCC crystal structure with 
a strong (11 0) texture perpendicular to the plane (from 
XRD and TEM), and grains approx. 100 nm in diameter 
(from TEM). No evidence of ordering was observed. 1 % 
(pp) N caused the strong (11 0) texture to become very 
weak. The microstructure consisted of large columnar 
BCC grains out to 4% (pp) N. Between 4 and 5% (pp) N, 
there was a transition: films for 5 and 10% (pp) N consis-
ted of a mixture of randomly oriented equiaxed BCC 
nanograins (10nm or less diameter) in an amorphous 
matrix (Fig. 2). TEM observations appear to indicate 
that the grain refinement and phase separation take place 
by a decomposition process. This transition also marked 
a steep increase in actual N content of the films (N:Fe 
atomic ratio as determined by PEELS was 0.2 for 3% 
(pp) N, rising to 0.9 for 5% (pp) N). 
Saturation magnetization (Ms) was constant from 
0 out to 4% (pp) N, then decreased with added N (Fig. 3). 
By 10% (pp) N, it has dropped by almost 50%. This 
Fig. 2. Micrographs: MFM images (10 x 10 ~un) of films (A) 0% (pp) N, (B) 3% (pp) N, (C) 5% (pp) N; (D) SEM fracture cross section of 
0% (pp) N film, (E) Dark field TEM of 0% (pp) N film, (F) high resolution TEM of 5% (pp) N film. 
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pressure. 
indicates that one of the two phases (BCC nano grains or 
amorphous phase) has a lower M,. It contradicts the 
hypothesis that N first reacts with Al until it is all reacted. 
then reacts with Si, then goes into the Fe lattice [1]. Were 
this the case, one would expect M, to first increase with 
added N, as the Si and Al are 'withdrawn' from the 
FeSiAI film, driving it towards pure Fe composition (see 
data in Ref. [6)). 
In summary, N greatly affects the stress, microstruc-
t ure, and magnetic properties of FeSiAl(N) sputtered 
films. The stress and the perpendicular texture appear to 
set-up perpendicular anisotropy that causes stripe do-
mains. All the films showed isotropic in-plane compres-
sive stress, which can cause a perpendicular magnetic 
anisotropy component for materials with positive mag-
netostriction, through the magnetoelastic coupling. 
Compressive stress appears to adversely affect He. Stress 
magnitude and H c variations correlate quite closely. For 
> 4% (pp) N, there was a microstructural transition to 
a two-phase mixture of BCC nanograins in an amorph-
ous matrix. Contrary to what was found in another study 
[2], nanograined films as thick as 1. 7 Jllll could be pro-
duced by this RF diode sputtering process. 
In order to optimize FeSiAl(N) films for soft magnetic 
shield layer applications, perpendicular anisotropy 
should be minimized, or films should have in-plane 
magnetic anisotropy, and the stripe domain structure 
should be avoided. Perpendicular anisotropy will itself 
adversely affect in-plane magnetic properties, and the 
stripe domains it causes can make reversal more difficult. 
Nanograined films (such as those produced near 5% (pp) 
N) should offer several significant advantages. Since the 
grains are much smaller than the domain sizes, there will 
be less pinning. There should also be much less effect of 
ripple (which is related to the variations in local anisot-
ropy directions, and varies with the relative sizes of grain 
size and spin coupling length (see e.g. Ref. [7]). Such 
nanograined films have a random texture and, therefore, 
no magnetocrystalline contribution to perpendicular an-
isotropy. However, they still show enough stress-induced 
anisotropy to produce stripe domains, so the composi-
tion would have to be adjusted to minimize or change the 
sign of the magnetostriction, or alternatively process 
would have to be optimized to decrease compressive 
stress or even make a small tensile stress. 
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The magnetization reversal in a series of rf-sputtered FeSiAl(N) films has been studied using 
magnetic force microscopy. A system has been developed which has the capability to image domain 
structure while an in-plane magnetic field is applied in situ. All films exhibited a stripe domain 
structure in zero applied field which was indicative of a perpendicular component of domain 
magnetization which alternates in sign. All films showed a similar sequence of magnetization 
processes: on reducing the applied field from saturation a fine stripe domain structure nucleated and 
then coarsened as the field was decreased to zero. Local switching of domain contrast was observed 
along the steepest part of the hysteresis loop as the perpendicular component reversed. As the 
reverse field was increased toward saturation, the stripe domains disintegrated into smaller regions. 
This observation is consistent with an interpretation that the domain magnetization rotated locally 
into the sample plane. The saturation field and the film stress exhibited similar trends with nitrogen 
partial pressure. 111e results suggest that the perpendicular anisotropy that caused the formation of 
the stripe domain structure could be induced by the film stress via magnetoelastic coupling. 
© 2001 American Institute of Physics. [DOI: 10.1063/1.1344579] 
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I. INTRODUCTION 
Thin films of soft magnetic materials, such as Sendust 
(FeSiAI). have applications as soft magnetic shield layers in 
magnetoresistive m:ording beads. In order to improve and 
optimize the soft magnetic properties of these types of films 
il is necessaxy to obtain a better understanding of bow the 
miaostructure and stress affect the magnetization processes 
and hence the magnetic properties. In this article we report 
on a study of the magnetization reversal of reactive rf-diode 
sputtered FeSiAl(N) films, using a magnetic force micros-
copy (MFM) with in situ applied field capabilities. By di-
rectly observing the domain structure under various applied 
fields for films whose stress and microstructure is well char-
acterized, we hope to obtain a better understanding of the 
relationship between magnetic properties, stress, and micro-
structure. 
As-deposited FeSiAl films sputtered with Ar usually 
have high coercivity, low permeability and large out-of-
' 1Electronic mail: clo@iastate.edu 
plane magnetic anisotropy. 1 Post-deposition annealing at el-
evated temperature around 400 to 600 °C is required to re-
store the ordered D~-type structure that gives soft magnetic 
properties.1- 3 Another way to achieve soft magnetic proper-
ties is to deposit Sendust films by N2 reactive sputtering. It 
has been shown that addition of nitrogen to the sputtering 
g;ss can affect the grain si7.e and stress of Fe alloy films and 
hence the magnetic properties.4 Dodd el al. reported that soft 
Sendust films up to 500 nm thick can be deposited by N2 
reactive rf magnetron sputtering, and that a substantial de-
crease in coercivity was found when the ratio of nitrogen 
flow rate to N2+Ar flow rate was 0.2%.5 Nevertheless they 
observed an increase in coercivity and transition to columnar 
growth with increasing film thickness. Nanograined 
FeSiAl(N) films of several microns thick have been success-
fully prepared by de magnetron sputtering6 and rf-diode 
sputtering 7 using Ar+ N2 sputtering gas. In the latter study 
the deposited films exhibited a stripe domain structure, indi-
cating the presence of a perpendicular anisotropy that could 
adversely affect the soft magnetic properties. The magneti-
0021-8979/2001/89(5)/2868/5/$18.00 2868 © 2001 American Institute of Physics 
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lOµm 
FIG. I. MFM images obtained at the remanent state of the FeSiAl(N) films 
deposited with (a) 0%, (b) 3%, (c) 5%, and (d) 10% partial pressure of 
nitrogen in the spullering gas. 
z.ation reversal in these FeSiAl(N) films is the subject of the 
present study. 
11. EXPERIMENTAL DETAILS 
52 
A series of FeSiAl(N) films of thickness 1.7 µm were 
deposited by rf-diode sputtering onto Si(l 00) substrates with 
300 nm of thermal SiO2 on the surface. Sputtering gas was 
an Ar+ N2 mixture with. different partial pressures (pp) of 
nitrogen ranging from 0% to 10%. Hysteresis loops were 
measured by vibrating sample magnetometry (VSM). Film 
microstructure was characterized by transmission electron 
microscopy (TEM). Film stress was determined by measur-
ing the curvature of the film-substrate system using an 
atomic force microscope. Domain structure was studied us-
ing MFM with magnetic tips that were magnetized perpen-
dicular to the sample plane. An electromagnet capable of 
producing an in-plane field up to 56 kNm (700 Oe) was built 
and mounted on the sample stage. During the experiment 
samples were first demagnetized by applying an ac field with 
decaying amplitude along one direction. MFM images were 
then taken under various fields applied in situ. Reproducible 
image contrast was obtained from the same sample in the 
remanent state before and after the experiment, indicating 
that the tip was not remagnetized by the applied field. 
Ill. RES UL TS AND DISCUSSION 
In zero applied field all films showed a stripe domain 
structure. Figure 1 shows the MFM images of some of the 
samples in the remanent state. The observed stripe domain 
pattern and the shape of the hysteresis loops (as shown in 
Figs. 3- 5 for the 0%, 3%, and 5% pp N films, respectively) 
indicate that the adjacent stripes have aligned in-plane mag-
Lo et al. 2869 
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FIG. 2. Plot of the stripe domain width as a function of the partial pressure 
of nitrogen in the sputtering gas. 
netiz.ation component while the perpendicular magnetization 
components alternate in sign. This domain configuration was 
first proposed by Saito et al. who observed stripe domains in 
Ni-Fe films using the Bitter method.8•9 The alternating per-
pendicular magnetization component gave rise to the contrast 
of the MFM images since MFM measures the force gradient 
acting on the tip due to the perpendicular component of the 
surface field. In each sample the bright stripes and dark 
stripes were found to have similar widths, and reproducible 
images were obtained by rescanning the same area. These 
observations indicate that the domain structure of the films 
was not influenced substantially by the stray field from the 
tip. The width of the stripe domains were determined as half 
of the spatial period of the strongest component in the two-
dimensional Fourier transform of the MFM images. As 
shown in Fig. 2, the domain width tends to decrease with 
increasing partial pressure of nitrogen in the sputtering gas 
during the film deposition. 
Figure 3 shows the M.FM images obtained from the 
same area of the 0% pp N sample at various stages of the 
.hysteresis cycle. After the sample had been magnetized to 
saturation, on reducing the applied field a fine and irregular 
stripe domain structure nucleated [Fig. 3(b)]. The stripe do-
mains coarsened and became more regular as the applied 
field was reduced to zero [Fig. 3(c)]. Along the steepest part 
of the hysteresis loop local switching of image contrast oc-
curred, leading. to connection and disconnection of the stripe 
domains [Figs. 3(c)- 3(d)]. This suggests that the perpendicu-
lar magnetization component of parts of the stripe domains 
reversed During this stage irreversible changes of the in-
plane magnetization component also took place as indicated 
in the measured hysteresis loop. It was noticed that in this 
stage the domain width remained relatively constant and in-
dependent switching of image contrast of parts of a stripe 
domain were observed. These observations seem to suggest 
that the irreversible changes of the in-plane component oc-
curred mainly by local switching of domain magnetization or 
by local motion of short sections of domain wall. This may 
be accompanied by switching the perpendicular component 
that was manifested as switching the image contrast. This 
magnetization reversal process is different from that brought .. 
about by simultaneous motion of long domain wall sections. 
ln the latter case, domains of the preforred magnetization 
Downloaded 21 Feb 2003 to 64.113.64.55. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp 
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direction would be observed to grow at the expense of neigh-
boring domains as domain walls moved. Growing areas of 
the uniform MFM image contrast would be observed. This is 
contrary to the present observation that the stripe domain 
persisted and the domain width remained unchanged. The 
persistence of the stripe domain pattern could be due to the 
fact that the magnetostatic energy associated with it is lower 
than that of a uniformly magnetized domain that has a uni-
form perpendicular _component. 
As the reverse field was increased beyond the coercive 
field the stripe domains disintegrated into short and irregular 
segments [ <0.5 µm, Fig. 3(e)]. An interpretation of the ob-
served change is that the process consists of local _switching 
of domain magnetization of a few grains into the film plane 
(the grain size was measured to be about 0.1 µ,m by TEM). 
This process is hysteretic as indicated in the high-field re-
gime (from about 1.2 to 16 k.Nm) of the magnetization 
curve. The domain width was found to decrease when the 
applied field was increased beyond the coercive point as a 
result of the disintegration of the stripe domains. Similar 
variations in stripe domain width with applied field in the 
high field regime have been observed in previous studies on 
other Fe-based thin films. 10,ll Further increase in the applied 
field caused the image contrast to decrease as the in-plane 
magnetization along the field direction increased toward 
saturation [Fig. 3(f)]. 
Similar sequences of changes in MFM images were ob-
served in the nitrided films. Nevertheless several differences 
Lo et al. 
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-FIG. 4. MFM images obtained from the 3% pp N film in applied 1folds of(a) 
51.8 kA/m, (b) 19.9 kA/m, (c) 0 kA/m, (d) - 8.0 kA/m, (e) -43.8 kA/m, 
and (t) - 51.8 kA/m. 
in magnetization reversal between the 0% pp N film and the 
I %- 4% pp N films were noticed. For comparison the MFM 
images taken from the 3% pp N film are shown in Fig. 4. In 
the 3% pp N film a stripe domain structure was nucleated at 
a higher field than in the 0% pp N film [ compare Fig. 4(a) 
with 3(a) ]. A larger reverse field was needed for domain 
switching to take place in the 3% pp N film than in the 0% 
pp N film, showing that domain wall pinning is stronger in 
the former. Similar behavior was observed in the 1, 2, and 
4% pp N films. These observations are consistent with the 
results of the VSM measuremenlli which show that the 
1%- 4% pp N films had higher coercivities than the 0% pp N 
film. 
The domain reversal of 5% and 10% pp N films exhib-
ited subtle differences from that observed in the 0%-4% pp 
N films. As shown in Fig. 5, after stripe domains were nucle-
ated [Fig. 5(b)] the domain pattern of the 5% pp N film 
exhibited smaller changes [Figs. 5(c) and 5(d)] than in the 
00/o- 4% pp N films along the steepest part of the hysteresis 
loop. As the reverse field was increased beyond the coercive 
field the bright stripes became wider than the dark stripes. 
No disintegration of the stripe domains was observed when 
the sample magnetization approached saturation. Similar do-
main reversal was fotmd in the 10% pp N film. This obser-
vation is in contrast to that made on the 00/o-4% pp N films. 
A possible explanation is that in the high field regime the 
magnetization process taking place in the 5% and l 0% pp N 
films involved mainly uniform rotation of domain magneti-
Downloaded 21 Feb 2003 to 64.113.64.55. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp 
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FIG. 5. MFM images obtained from the 5% pp N film in applied fields of (a) 
19.9 kA/m, (b) 9.6 kA/m, (c) 0 kA/m, (d) -2.4 kA/m, (e) -10.0 kA/m, and 
(t) -19.9 kA/m 
zation towards the sample plane, while in the 0%-4% pp N 
films local switching of domain magnetization occurred 
instead. 
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Evidence of strong domain wall pinning was actually 
observed in the 00/o-4% pp N films. An example is given in 
Figs. 6(a) and 6(b) which show the MFM images obtained 
from the 0% pp N sample at oppositely magnetized remanent 
states. Regions with complementary image contrast were ob-
served. This indicates strong domain wall pinning, probably 
at the grain boundaries, as the domain width was of the same 
order of magnitude as the grain size. This suggestion is sup-
ported by the fact that strong domain wall pinning was not 
observed in the 5%-100/o pp N samples. As shown in Figs. 
6(c) and 6(d), the stripe domain structures found in the 5% 
pp N sample at the oppositely magnetized remanent states 
show much less repetition than in the 0% pp N sample. The 
observed difference in domain pinning between the two 
groups of films (namely the 0%-4% films, and the 5%- 10% 
pp N films) could be related to the change in the film struc-
ture as pp N was increased from 4% to 5%. It was found in 
the TEM study that the 0%-4% pp N films have large co-
lumnar bee grains ( ~0.1 µm), while the 5% and 10% pp N 
films consist of a mixture of randomly oriented equiaxed bee 
nano grains ( 10 nm diameter or less) in an amorphous matrix 
(Fig. 7). Since the grains in the 5% and I 0% pp N films are 
much smaller than the domain width, the effect of ripple and 
the strength of domain wall pinning are weaker than in the 
0%- 4% pp N films. 
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FIG. 6. MFM images obtained from the 0%,pp N film at the oppositely 
magnetized remanent states are shown in (a) and (b). Notice the comple-
mentary contrast of lhe highlighted regions. The MFM images in (c) and (d) 
were obtained from the 5%pp N film at the oppositely magnetized remanent 
states. 
The stripe domain structure observed in all samples in-
dicated a perpendicular anisotropy component that could be 
caused by the film stress via magnetoelastic coupling. If this 
is the case the strength of the applied field required to mag-
netize the sample to saturation against the perpendicular an-
isotropy (i.e., the saturation field) should depend on the film 
stress level. In this study the saturation field Hsa, was deter-
mined by measuring the applied field at which the MFM 
image contrast reduced to 15% of its starting value at zero 
applied field. It was found that H sat first increased with pp N, 
attained a maximum at 3% pp N and then decreased signifi-
cantly for pp N> 4 % (Fig. 8). The film stress u was found to 
be compressive for all samples, and the stress magnitude 
exhibited a trend with nitrogen partial pressure similar to that 
of H s.,1 as shown in Fig. 8. The close relationship between 
H sat and u tends to confirm that the perpendicular anisotropy 
is induced by the film stress caused by the presence of nitro-
gen. 
For soft magnetic shield layer applications nanograined 
films, such as those produced near 5% pp N in the present 
study, should offer several significant advantages. The 5% 
pp N film has a saturation magnetization value similar to 
those of the 0%-4% pp N films. There is less domain pin-
ning in the 5% pp N film since the grains are much smaller 
than the domain sizes. The effect of ripple, which is related 
to the variations in local anisotropy directions. and depends 
on the relative sizes of grain diameter and spin coupling 
length, 12 should also be much less than in the 00/o-4% pp N 
films. Because of the random texture there is no magneto-
crystalline contribution to perpendicular anisotropy in the 
5% pp N film. The film has less stress and hence a lower 
Downloaded 21 Feb 2003 to 64.113.64.55. Redistribution subject to AIP license or copyright, see http:/lojps.aip.org/japo/japcr.jsp 
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FIG. 7. Bright field TEM images obtained from (a) the 0%pp N film and (b) 
the 5%pp N film. The inset of (a) is the selected area diffraction pattern of 
ti~ image. ·1ne insel of (b) is a convergent beam electron diffraction pattern 
showing the bee structure of ti~ nanograins. 
saturation field (as shown in Fig. 8). However it still shows 
enough stress-induced perpendicular anisotropy to produce 
stripe domains. 
Perpendicular anisotropy should be minimiz.ed as it ad-
versely affects in-plane magnetic properties. The stripe do-
main structure should be avoided as it can make magnetiz.a-
tion reversal more difficult. The film composition could be 
altered to give a negative magnetostriction so that an in-
plane anisotropy would be induced by the compressive film 
stress. Alternatively the process could be optimized to de-
crease compressive stress or even make a small tensile stress. 
IV. CONCLUSIONS 
Magnetization reversal of a series of FeSiAl(N) films 
deposited using different partial pressures of nitrogen in the 
Lo et al. 
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FIG. 8. Saturation field Hsa1. and the magnitude of the compressive film 
stress plotted as functions of the partial pressure of nitrogen. 
sputtering gas has been studied using a MFM with in situ 
applied field capabilities. Similar sequences of magnetization 
processes were observed in the films. All films of the series 
exhibit stripe domains. Substantial domain switching was 
found along the steepest part of the hysteresis loop. Strong 
domain wall pinning was observed in the 0%-4% pp N 
films, which have grain sizes of about 0.1 µm. This was not 
observed in the 5% and 10% ·pp N films which consisted of 
nanograins (10 nm diameter or less) in an amorphous matrix. 
The saturation field was fmmd to be closely related to the 
stress level indicating that the perpendicular anisotropy is 
caused by the film stress via magnetoelastic coupling. 
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Magnetization Reversal in CoFeHfO Films 
C. C. H. Lo, Member. IEEE, J. E. Snyder, Senior Member, IEEE, J. Leib, D. Wang, Z. Qian, 
J. M. Daughton, Fellow, IEEE, and D. C. Jiles, Fellow, IEEE 
Abstract-Magnetization reversals of a thick CoFeHfO fi!m 
(800 nm), and a thin CoFeHIO (10 nm) film overcoated wtth 
CrSi (10 nm) have been studied by magnetic force microscopy 
(MFM) with ;,, situ applied field capability. 'The CoFeHfO layers 
were deposited by rf sputtering and annealed in a magnetic 
field to induce an in-plane uniaxial anisotropy. For easy-axis 
a1>plied fields both samples show~ significant switdaing of~ 
image contrast for fields appro:nmately equal to the coercmty. 
'This is consistent with the high easy-axis coercive squareness of 
the mms. For hard-axis applied fields the thin CoFeHfO film 
displayed a distinctive reversal process: a rippkHike domaiu 
pattern formed and rotated gradually as the reversed field was 
increased. 'The image contrast increased, reached a maximum 
when the ripple-like features aligned perpendicular to the 6eld 
and then diminished as the sample approached saturation. 'The 
obsen·ed magnetization reversal processes appear to be consistent 
with the formation of magnetization ripples which rotate toward 
the hard-axis applied field. 
J11dex Ter111s-Amorphous and nanocrystalline materials and 
devices, magnetic domains, magnetic microscopy and imaging, 
soft magnetic materials. 
I. INTRODUCTION 
C oFeHfO FILMS have recently received considerable at-tention because of their combination of both soft magnetic 
properties and attractive high-frequency characteristics. It bas 
been reported that CoFeHfO films deposited by reactive. sput-
tering mder a de magnetic field typically have a 41rM5 value ex-
ceeding 1 T, a coercivity of a few hundred Alm and a high elec-
trical resistivity of the order of magnitude of 10 1.dlm [ 1]. These 
films were found to contain Fe (or Co-Fe) rich bee nanograins 
and an amorphous matrix containing a large amount of Hf and 
0 [l). The highly resistive amorphous matrix contributes to a 
high resistivity of the films that significantly suppresses eddy 
current loss { l ). This gives rise to acellenthigh-frequency per-
formance of CoFeHfO films: a reasonably high reJative perme-
ability (around 150 along the hard axis) and a low loss factor 
( ~0.1) that remain constant up to hundreds of megahertz [l]. 
Therefore, CoFeHfO films are promising candidates for high 
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frequency applications including flux-guide materials in mag-
netic sensors or magnetic thin film inductors and converters in 
power supplies of telecommunication devices [21-[4]. 
The aim of the present study is to obtain a better under-
standing of the magneti2.ation reversal mechanism of CoFeHfO 
films by observing the domain structure using a magnetic 
force microscope (MFM) with in situ applied field capability. 
The domain structures of two CoFeHfO films with different 
thicknesses were observed under various applied fields, and the 
observations correlated with the microstructure and magnetiza-
tion curves of the films. 
II. EXPERIMENTAL DETAILS 
A CoFeHfO film (800 nm thick) and a CoFeHfO (10 nm) 
film overcoated with CrSi (10 nm) were used in this study. 
The CoFeHfO layers of the samples were deposited by reac-
tive rf-sputtering using an Ar + 0 2 atmosphere, onto Si(l 00) 
substrates with 200 nm of SiN on the surface. These films were 
annealed at 250 ° C for one hour in a magnetic field to induce an 
in-plane uniaxial anisotropy. Magnetization curves were mea-
sured from 7 mm x 7 mm samples using a vibrating sample 
magnetometer (VSM), along both the easy and hard axes of 
magnetization. Studies of the domain structure and magneti-
2.ation reversals were made using a magnetic force microscope 
(MFM) with magnetic tips that were magnetized perpendicular 
to the sample plane. An electromagnet capable of producing an 
in-plane field up to about 56 kA/m was mounted on the sample 
stage. Samples were first demagnetized by applying an ac field 
with decaying amplitude along the desired applied field direc-
tion. Two series ofMFM images were taken from each sample 
under various fields (up to about 43.8 kA/m) applied in situ 
along the easy and bard axes of magnetimion of the films. 
Ill. RESULTS AND DISCUSSION 
The magnetization curves along the easy and bard axes of the 
samples are shown in Fig. l. The observed reduction in mag-
netization at high field in the thin CoFeHfO film [Fig. l(b)] 
could be due to the diamagnetic response of the Si substrate 
which was not subtracted from the measured signal. The hys-
teresis loop parameters are summarized in Table I. The easy-axis 
hysteresis loops of both the thick CoFeHfO film and the thin 
CoFeHfO film exhibit high coercive squareness, suggesting that 
the magneti7.ation reversal involves mostly irreversible domain 
wall motion across the films. The hard-axis loops of both films 
indicate that the magnetization reversals in the films were prob-
ably brought about by rotation of domain magnetization. The 
anisotropy fields were measured to be 6.0 kA/m and 5.4 kNm 
for the thick and thin CoFeHfO films, respectively. 
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Fig. 1. Hysteresis loops measured along the easy and hard directions. 
{a) CoFeHfO (800nm) film. (b) CrSi/CoFeHfO (10 run) film 
TABLE I 
MAGNETIC PROPERTIES OF TIIE THICK CoFeHfO (800 run) SAMPLE AND 
THE THIN CoFeHfO {lO nm) SAMPLE ALONG THE EASY AND HARD 
AxES OF MAGNETIZATION 
Euyexi. 
Hud•l<li 
Euy.xk 
Hudm 
CoFeHiO film (thickness: 800 nm) 
~n:Mt;y R.emmert. Sumpt:b iJfy at 
(I.An) :mar;net.i:Rtian ~) coercive poill. 
1777 194 2448 
165 101 125 
CrSi-coa1edCoFeH10fllm.(tlickneS>: 10 mu) 
Coen:iny R.em11urt. 
(A.bl) ~tiatim ~A.bl) 
610 
<361 
185 
<25 
~tpt:bili;y &t. 
(Kmtpod. 
2033 
149 
Under easy-axis applied fields the MFM images obtained 
from both the thick CoFeHfO and the thin CoFeHfO films 
showed significant changes when reversed fields approximately 
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Fig. 2. MFM images obtained from the 10 run thick CoFeHfO fihn under 
magnetic fields of(a) 0 Alm, (b) 398 Alm, (c) 1.59 kA/m and {d) 2.47 kA/m 
applied along the easy axis. 'The easy axis coercivity is 670 Alm. 
equal to the coercive fields of the samples were applied. An 
example is given in Fig. 2 which shows the MFM images 
of the thin CoFeHfD film under various fields applied along 
the easy-axis. The domain pattern remained essentially the 
same when the reversed field was below the coercive field 
{Fig. 2(a) and (b)].. As the reversed field was increased to about 
the coercive field (670 Afm) large-scale change in domain 
pattern was observed, accompanied by local switching of image 
contrast of regions about 0.2 µm in size. The domain structure 
remained unchanged as the reversed field was further increased 
[Fig. 2(c) and (d)] . Similarly, the thick CoFeHfD fihn exhibited 
dramatic changes in domain structure when the reversed field 
was increased from about 2 kAfm to 3 kA/m which is close 
to the coercivity of the sample. The abrupt changes in domain 
structure, which took place at about the coercive points in both 
samples, probably resulted from large-scale irreversible domain 
wall motions. This interpretation is consistent with the high 
easy-axis coercive squareness of the films as shown in Fig. 1. 
When a field was applied along the hard axis of the thin 
CoFeHfD fihn, a distinctive reversal process was observed. A 
domain pattern (width <0.,1 /£m) with out-of-plane stray field 
components became apparent at about 1.3 kA/m [Fig. l(b)]. 
As the applied field was increased, the domain features rotated 
gradually [Fig. 3(b) to ( d)]. During this process the image 
contrast increased, reached a maximum when the striations 
aligned perpendicular to the field (i.e., parallel to the easy axis) 
and then diminished as the sample approached saturation. These 
observations indicate the presence of an out-of-plane stray field 
component during this magnetization reversal process. This 
is in contrast to the results obtained from the thick CoFeHfD 
film that showed relatively little domain switching (from 
about 4.8 kAfm to 80 kAfm) and a smaller change in image 
LO et al.: MAGNETIZATION REVERSAL IN CoFeHfO FILMS 
Fig. 3. MFM images obtained from the 10 nm thick CoFeHID film W1der 
magnetic fields of (a) 799 Alm, (b) 2.39 kA/m, (c) 6.45 kA/m and ( d) 9.95 kA/m 
applied along the hard axis. 
contrast. The magnetiz.ation reversal in the thick CoFeHfO film 
probably involved mainly rotation of domain magnetization in 
the sample plane, which is usually expected in films with an 
in-plane uniaxial anisotropy under hard-axis applied fields. 
In the case of the thin CoFeHfO sample, the domain pattern 
observed under hard-axis applied fields probably corresponds 
to formation of magnetic ripples caused by local variations in 
anisotropy [5]. Adjacent domains would have anti-parallel mag-
netization components along the easy axis but parallel magne-
tization components in the applied field direction. Increasing 
the hard-axis field would cause the domain magnetization to ro-
tate toward the field direction. The results of the present MFM 
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study indicate that during this process there was also an out-of-
plane stray-field component which increased, reached a max-
imum and then decreased as the sample approached saturation. 
A possible explanation of the presence of the out-of plane com-
ponent is that the local variations in anisotropy may cause a stray 
field by causing changes in the local direction of magnetization. 
IV. CONCLUSION 
Magnetization reversals of a 800 nm thick CoFeHfO film 
and a 10 nm thick CoFeHfO film overcoated with 10 run CrSi 
have been studied by MFM with in-plane fields applied in situ. 
Both samples showed significant switching of MFM image 
contrast for easy-axis applied fields approximately equal to 
the coercivity. This corresponds to the high easy-axis coercive 
squareness of the films. Under a reversed field applied along 
the hard-axis the thin CoFeHfO film displayed a domain pattern 
which rotated gradually as the reversed field was increased. 
The observed reversal processes appear to be consistent with 
the formation of magnetic ripples which rotate toward the 
applied field in the hard-axis. 
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Magnetic force microscopy characterization of a first-order transition: 
Magnetic-martensitic phase transformation in Gds(SixGe1-x)4 
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The magnetic-martensitic phase transformation of Gd5(SixGe1 -x)4 (x=0.5), which occurs close to 
room temperature, has been observed for the first time using a magnetic force microscope (MFM) 
equipped with a heating-cooling stage. MFM images obtained from a polycrystalline 
Gd5(Si2_09Ge1.91 ) sample and single crystal Gd5(Si1_95Ge2.05) and Gd5(Si2Ge2) samples showed 
transition to a domain structure at low temperatures indicative of a ferromagnetic phase. Some 
samples exhibited complex domain structures, suggesting that Gds(SixGe1 -x)4 (x=0.5) has a 
strong magnetic anisotropy. As the sample temperature increased the domain structure diminished, 
reflecting the transformation from ferromagnetic to paramagnetic state. On cooling the sample the 
domain structure reappeared, but at a lower transformation temperature than on heating. This 
magnetic phase transformation is highly unusual because it is an "order-disorder" phase transition, 
which is normally second order, but in this case the •·order-disorder" (ferromagnetic to 
paramagnetic) transition exhibits hysteresis in temperature, indicating that it is first order. Such 
thermal hysteresis in phase transformation was also observed in thermal expansion experiments. The 
transformation temperatures obtained in the MFM study are in good agreement with those 
determined from thermal expansion data. © 2002 American Institute of Physics. 
[DOI: 10.1063/1.1456059] 
I. INTRODUCTION 
Gds( SixGe1 -x)4 has recently garnered much interest due 
to its extraordinary response in several magnetic and elec-
tronic properties during changes in temperature and magnetic 
field. These include colossal magnetostriction, giant magne-
toresistance, and a giant magnetocaloric effect. 1 
Gd5(Si,.Ge1 -x) 4 undergoes a magnetic-crystallographic 
transformation when x = 0 .5 at a Curie temperature ( typically 
below 270 K) which is dependent on the Si to Ge ratio. 
During the transformation the compound exhibits changes in 
strain as high as - 104 parts per million, magnetoresistance 
of about 25%, and the largest magnetocaloric effect to date.1 
The phase transition is a magnetic-martensitic transformation 
from a paramagnetic-monoclinic crystal structure at higher 
temperatures to a ferromagnetic-orthorhombic crystal struc-
ture at lower temperatures, which involves shear of sub-
nanometer atomic layers in a highly complex crystal lattice 
through reversible breaking and refotming of covalent 
Si(Ge)-Si(Ge) bonds between the layers.1 
In this work the phase transitions in Gd5(Si,.Ge1 _,.) 4 
(x=0.5) have been imaged for the first time using a mag-
netic force microscope (MFM) equipped with a sample 
heating-cooling stage. The results obtained in the MFM 
study revealed that Gd5(SirGe1 _,.)4 (x=0.5) in the ferro-
magnetic phase has a strong magnetic anisotropy, and that 
•1Electronic mail: jleib@iaslate.edu 
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the phase transition exhibits hysteresis in temperature which 
is unusual for an order-disorder phase transition. For com-
parison the thermal expansion of the samples was measured 
and the results confirmed the thermal hysteresis in the phase 
transition. The transition temperatures measured in the MFM 
studies and thennal expansion experiments were found to be 
in good agreement. 
II. EXPERIMENTAL DETAILS 
One polycrystalline and two single crystal samples of 
Gd5( SixGe1 -,)4 (x=0.5) were fabricated from high purity 
elements. Their compositions are shown in Table I. The poly-
crystalline sample was prepared by arc-melting and the 
single crystal samples were grown by the Bridgman method. 
For the single crystal samplt:5 the b axis was in the sample 
plane for the Gd5(Sius~ sample but was perpendicular 
to the sample plane for the Gd5(Si2Gez) sample. In silu 
MFM study of phase transformation was carried out using an 
atomic force microscope-magnetic force microscope 
equipped with a sample heating-cooling stage. The sample 
stage consists of a thermoelectric unit capable of varying the 
stage temperature from about 243 to 323 K. Toe sample was 
mounted on the stage using thermal tape to assure good ther-
mal contact and the sample temperature was monitored using 
a thermocouple attached to the stage. The sample chamber 
was under positive pressure of argon to prevent condensation 
on the sample surface. During the experiments a sample was 
8852 © 2002 American Institute of Physics 
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TABLE I. Transition temperatures (Kelvin). Transition temperatures and thennal hysteresis in phase transfor-
mation detennined from the MFM studies and thennal expansion measurements for the polycrystalline and 
single crystal samples (measurement error is lo 0.1 K). 
On heating On cooling 
Thermal 'Thermal Average 
expansion expansion thermal 
Sample MFM measurements MFM measurements hysteresis {K) 
Gds{Si1.9sGe:i.os) Single crystal 265.0 
Gd5(Si2Ge2) Single crystal 270.1 
Gds(Si2_09Ge1.91) Polycrystalline 285 
cooled and heated through the transition temperatures. MFM 
images were taken at various temperatures which were held 
constant when taking the images. Phase transition tempera-
tures were measured by scanning the sample surface continu-
ously while slowly heating or cooling the sample and record-
ing the sample temperature at which the magnetic image 
switched from a high to a low contrast or vice versa. This 
allowed the transition temperatures to be measured with a 
precision down to the accuracy of the thermocouple (0.1 K). 
Thermal expansion measurements were made to study 
the phase transformations and to determine the transforma-
tion temperatures for comparison with the MFM results. The 
strains of the samples were measured using strain gages 
when the samples were cooled down and then heated up 
through a thermal cycle (between 200 to 300 K) in a closed-
cycle helium refrigeration system. 
Ill. EXPERIMENTAL RESULTS 
The MFM images obtained from the polycrystalline 
Gd5 (Si2.CJ9Ge1.91 ) sample provide conclusive evidence of 
thermal hysteresis in the phase transition. As shown in Fig. l 
a heavily branched domain structure was observed at low 
temperatures at which the sample was ferromagnetic . As the 
temperature increased the domains diminished and eventu-
ally the domain structure vanished at 285 K, indicating a 
transformation of the sample into a paramagnetic phase. The 
285.9K 212.7K 27UK 
FIG. I. MFM images showing the phase transition of polycrystallin.: 
Gd5(Si2_09Gcu1) sample (3° phase contrast, 20 µm scans). TI1e straight line 
highlighted correspond to the aystal boundary. 
262.9 2.1 
269.l 267.4 267.5 2.2 
288 280 281 6 
domain structure re-appeared on cooling but at a lower trans-
formation temperature of 280 K. Consistent transformation 
temperatures were measured from the thermal expansion 
data (Fig. 2) which also indicate thermal hysteresis occurring 
during the phase transformation. 
MFM images of the Gd5(Si1.95Ge2.05) and Gd5(Si2Ge2 ) 
single crystal samples in the paramagnetic and ferromagnetic 
states are shown in Figs. 3 and 4, respectively. The former 
shows a stripe domain structure while the latter has an ir-
regular domain structure with a higher contrast. The single 
crystal samples exhibited much sharper transitions (transi-
tions completed within 0.1 K around the transformation tem-
peratures) than the polycrystalline sample. The single crystal 
samples also exhibited hysteresis in phase transformation 
_over a temperature range of about 2 K as shown in Table I. 
IV. DISCUSSION 
As shown in Fig. 4, the domain pattern observed in the 
Gd5( Si2 Ge2 ) single crystal sample is similar to those ob-
served in highly anisotropic magnetic materials such as 
NdFeB and cobalt when the easy axis is nearly normal to the 
surface. In such cases the surface domain structure usualJy 
consists of elliptical, closed domains with a certain level of 
branching depending on the sample thickness.2 The present 
MFM result seems to suggest that the Gd5(Si2Ge2) crystal 
has a strong anisotropy and the easy axis is oriented close to 
,; 
-1000 _____________ ._ __ _,_ __ 
-
-1500 --------------+-11!------l 
C: ·; 
-= -2000-t-------------------~ 
Temperature (Kelvin) 
FIG. 2. Plot of the thennal expansion of the polycrystallin.: 
Gds(Si1_09Geu1) sample as a function of temperature over a thennal cycle. 
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294.4 K 'l57.9K 
FIG. 3. MFM phase images of the Gd5(Si 195~ _05) single crystal sample 
with the /J axis in plane in the (a) paramagnetic and (b) ferromagnetic phase 
(4° contrast, 20 JLI.U scans) . 
the b axis. No other direct measurement of the magnetic 
anisotropy of Gd5(SixGe1 -x)4 has been reported in the lit-
erature yet. 
One interpretation of the stripe domain structure ob-
served in the Gd5(Si1.95G~_05) single crystal sample (Fig. 3) 
is that the adjacent stripes have an aligned in-plane magne-
tization component and out-of-plane magnetization compo-
nents that alternate in sign. The latter could be lying along 
either the a or c axis. The a axis, along which the strain 
shows the largest change during the phase transition, is in-
clined at an angle to the surface normal. This is confirmed by 
~ 30 µm amplitude modulations of the sample surface which 
were measured by monitoring the z position of the MFM 
probe when the sample was undergoing phase transforma-
tions. It can be deduced from the domain patterns observed 
in the single crystal samples that the easy axis of magnetiza-
tion appears to be aligned close to the b axis and is inclined 
to the a and c axes. The domains in the bulk therefore have 
a strong magnetization component along the b axis and a 
component in the a-c plane. Such domain structure is con-
sistent with the highly branched domain pattern in the 
Gd5(Si2G~) single crystal sample which form to minimize 
magnetostatic energy of the stray field emanating from the 
sample surface, and the stripe domains observed in the 
Gds ( Si 1 .9sG~_05) sample. 
The peculiar patterns observed in the high purity poly-
crystalline samples could also be interpreted in terms of the 
presence of a strong magnetic anisotropy. When the easy 
direction is inclined at an acute angle to surface nonnal the 
domains in the bulk have a magnetization component normal 
to the surface. Branched domains therefore form in the near 
surface layer to minimize the stray field energy. As the tem-
perature was lowered the branched domain pattern coars-
ened. Tiris is in contrast to the domain patterns observed in 
the single crystal samples which remained unchanged. This 
could be related to the results obtained in the MFM and 
thermal expansion studies on transition width in temperature, 
which indicate sharper order-disorder transitions in the 
single crystal samples than in the polycrystalline sample. The 
growth of the domain pattern in the polycrystalline sample 
could be caused by an increase in magnetic ordering as the 
temperature is lowered. 
The observations made in the present MFM studies have 
confirmed that the phase transition in Gd5( SixGe1 -x)4 where 
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FJG. 4. MFM phase images of the Gd5(Si2Ge;i) sing!<! crystal sample witl1 
b a.xis perpendicular to plane in the (a) paramagnetic and (b) ferromagnetic 
phase (5° conlrast, 20 µm scans). 
x= 0.5 shows a thermal hysteresis, which is expected of all 
first-order phase transitions. The thermal expansion measure-
ments also show this thermal hysteresis in close agreement 
with the MFM results. Ordinarily a magnetic order-disorder 
phase transition would be expected to be second order, but 
this is no ordinary transition. The transition is a first order 
magnetic-martensitic phase transition which is order-
disorder (ferromagnetic to paramagnetic) in magnetism, and 
at the same time order-order in crystal structure 
(orthorhombic- monoclinic), involving a larger shear in the a 
axis direction. 
V. CONCLUSIONS 
The magnetic-martensitic phase transition of the extraor-
dinarily responsive Gds(SixGe1 -x)4 (x=0.5) has been char-
acterized through magnetic imaging using a magnetic force 
microscope. The results indicate that the samples have a 
strong magnetic anisotropy in the ferromagnetic phase, and 
that the order-disorder transition exhibits hysteresis in tem-
perature, a hallmark of such a first-order transition. The tran-
sition temperatures and the extent of the hysteresis were con-
firmed with thermal expansion data within I K. 
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Magnetic Force Microscopy Characterization of 
Unusual Magnetic Coupling in an Extraordinarily 
Responsive Magnetic Material 
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Abstrnct-Gd5 (Si2 Ge2 ) and related compounds with similar 
(nearly equal Si-to-Ge ratio) composition exhibit large_ magne-
toresponsive properties including a giant magnetocalonc effect, 
colossal magnetostriction, and giant magnetoresistance nea_r a 
structural-magnetic phase transition that occurs close to ~mb1~nt 
temperature (lJ. Magnetic force microscopy (MFM) and v1bratmg 
sample magnetometry (VSM) measurements on si~gle:cryst~l 
sampies of these materials indicate that the easy magnetization aXJs 
is the b-axis of the orthorhombic magnetic phase--perpendicular 
to the slabs. In fact, the MFM image of a surface perpendicular to 
the b-axis is quite similar to domain patterns perpendicular to the 
easy axis of Co and other highl~ anisotropic magne~c materi~ls. 
Therefore, it appears that Gd5 (S1..,Ge1_..,)4 may reqmre modeling 
similar to other multilayers and superlattices of rare-earth metals 
with one or more nonmagnetic constituents that exhibit long-range 
magnetic order across nonmagnetic layers. Many of the important 
phenomena of these Gd compounds could be explained by the 
interaction of localized Gd magnetic moments across the covalent 
bonding between atomic slabs, adapting models already suggested 
for other similar materials (2). 
I11dex Terms-Magnetic force microscopy (MFM), magnetic ma-
terials, magnetic measurements, rare earths. 
I. INTRODUCTION 
I T HAS long been known that gadolinium metal exhibits a strong magnetocaloric effect, an adiabatic temperature 
change when magnetized, which is a function of both the 
magnetic entropy change and specific heat of the crystal. 
Due to renewed interest in the concept of magnetic refrigera-
tion, exploratory work on Gd-based materials has uncovered 
several compounds that possess giant magnetocaloric ef-
fect, giant magnetostriction, and giant magnetoresistance. In 
GdJ(SixGe1 _x)4 , all three effects are greatest at or near the 
phase transition temperature. The first-order, martensitic phase 
transition involves the lateral movement of atomic slabs with 
bonds created or broken between Si and Ge atoms between 
slabs. This movement over a distance of ~0.8 A changes the 
crystal structure from orthorhombic (with interlayer bonding) 
to monoclinic (with broken interlayer bonding) and changes 
the magnetic structure from ferromagnetic to paramagnetic as 
shown in Fig. 1. 
Manuscript received February 14, 2002; revised May 28, 2002. This work was 
supported by the U.S. Department of Energy, Office of Basic Energy Sciences, 
Materials Sciences Division, W1der Contract W-7405-Eng-82. 
The authors are with the Metals and Ceramics Sciences Division, 
Ames Laboratory, Iowa State University, Ames, IA 5001 I USA ~-mail: 
gauss@ameslab.gov). 
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Fig. 1. Arrangement of Gd and Si-Ge atoms, in orthorhombic (left) and 
monoclinic (right) phases. Differences in interplanar bonding are depicted; the 
a- and b-axes are in the plane of the page while the c-axis is perpendicular to 
the page. 
This phase transition temperature is dependent on the Si- Ge 
ratio. In materials with an approximately equal ratio of Si to Ge, 
this transition occurs around room temperature with the ferro-
magnetic/orthorhombic state stable at lower temperatures and 
the paramagnetic/monoclinic state stable at high temperatures. 
Since the magnetic structure of this compound was unknown, 
the assumption had been that the magnetic moments on the 
Gd atoms in the ferromagnetic state are nearly perpendicular 
to the b-axis, akin to magnetic structures observed in related 
Tb5 S4 and Tu5Ge4 compounds [3]. However, magnetic force 
microscopy (MFM) and vibrating sample magnetometry (VSM) 
measurements indicate a preferred alignment along the b-axis, 
with long-range magnetic coupling facilitated ( or disrupted) by 
the presence (or lack) of interlayer Si-Ge covalent bonds. 
II. EXPERIMENTAL DETAILS 
In situ MFM study of the phase transfonnation was carried 
out using an atomic/magnetic-force microscope equipped with 
a sample heating/cooling stage. The sample stage consisted of 
a thermoelectric cooling unit capable of varying the sample 
temperature from about -30 °C to +50 °C. Each Gd:;(Si2Ge2) 
0018-9464/02$17.00 © 2002 IEEE 
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Fig. 2. 20 x 20-µm MFM images of single crystals at 260 K with, from top 
left, a-, b-, and c-axes perpendicular to the surface. 
sample was attached to the stage using thermal tape to ensure 
good thermal contact. The sample temperature was monitored 
and maintained within ±0.2 K using a thermocouple attached 
to the heating/cooling stage. Water condensation and crystal-
lization (frost) were prevented by flowing cooled dry argon 
gas over the sample and platform. Each image was obtained 
from a different single-crystal sample that was cut by electric 
discharge machining (EDM) with the specified crystal axis 
oriented normal to the largest sample face. To determine 
the anisotropy of Gd5(Si2 Ge2) vibrating sample magne-
tometer measurements were collected using a Gd5(Si2Ge2) 
single-crystal cube with all three axes identified using X-ray 
diffractometry. The sample temperature was maintained below 
the Curie point/transition temperature using a dry ice/ethanol 
mixture. Hysteresis loops were measured along the three 
principal axes of the crystal using a magnetizing field with a 
maximum amplitude of 7.5 kOe. Anisotropy coefficients were 
calculated from the hysteresis loops [4]. 
Ill. RESULTS AND DISCUSSION 
The MFM images. each with a principal axis perpendicular to 
the image, are shown in Fig. 2. The rosette patterns in the b-axis 
image shown in Fig 2(b) are characteristic of images made in 
a plane perpendicular to the easy axis of samples with uni-
axial anisotropy [5]. It appears, therefore, that the b-axis is the 
magnetic easy axis for these materials. This conclusion is fur-
ther supported by the complete lack of magnetic contrast in the 
c-axis image shown in Fig. 2( c ), and the stripe domain pattern of 
the a-axis image shown in Fig. 2(a). The stripe magnetic domain 
pattern is consistent with a significant (~3°) angular change of 
the b-axis with respect to the a-c plane from one domain to the 
next. After an atomic displacement in the a-axis direction, there 
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Fig. 3. VSM hysteresis loops for magnetic field applied along the 
crystallographic a-, b-, and c-axes of Gd5 (Sh G~) at 265 K. 
will be a misalignment of the b-c plane in the sample surface 
that is sufficient for the component of the b-axis that is out of 
plane to provide some perpendicular anisotropy. Surface energy 
is then minimized by a configuration of stripe domains, where 
magnetization vectors alternate between orientations with com-
ponents into the plane (down) and those with components out 
of the plane (up). 
When closely examined, the stripes seem to follow two 
different periods, the smaller of typically I µm and the larger 
of typically 5-8 JLm. This is consistent with the smaller and 
larger patterns of Fig. 2(b), branches being roughly 0.5- 2 µm 
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across and rosettes 5-10 µm across. It thus seems possible that 
the stripes in Fig. 2(a) could be due to components of b-axis 
anisotropy at an almost cross-sectional angle, similar to longi-
tudinal, in-plane domains forced out of a film by stress. When 
the complete lack of magnetic contrast of Fig. 2(c) is compared 
to the high contrast of the other two images, it appears unlikely 
that any component of the spontaneous magnetization is along 
this axis. Therefore, the MFM results indicate that the b-axis is 
the easy axis, although the true easy direction could possibly 
include a component along the a-axis if the stripes were not 
due to b-axis misalignment. 
The measured hysteresis loops, shown in Fig. 3(a)-(c), are 
consistent with those of a sample with uniaxial anisotropy. After 
corrections were made for demagnetizing effects along all three 
directions, the b---axis had the highest permeability-the mag-
netization curve along this direction was almost vertical at the 
origin-while magnetization curves along the a- and c-axes had 
identical permeability. The stripes seen in Fig. 2(a) but not in 
Fig. 2( c) may be attributed to the lattice rotation and not a com-
ponent of spontaneous magnetization in the a-axis. 
Anisotropy energy for magnetic moments aligned along each 
of the principal axes can be calculated from the area between 
the magnetization curve on the M-, H-plane, and the magneti-
zation axis. In the case ofuniaxial anisotropy, this calculation 
is particularly simple, as the two harder axes show the same 
anisotropy energy required for domain rotation under the action 
of a field. The anisotropy coefficient K 0 is simply the area for 
the easy-axis curve, while K1, the first anisotropy coefficient, 
is the difference in energy between the"easy and hard axis mag-
netization curves [6]. 
IV. CALCULATION 
To determine the anisotropy coefficients, exponential equa-
tions were fitted to each magnetization curve and linear equa-
tions fitted to the linear portions of the a- and c-axes. The equa-
tion or set of equations was then integrated to determine the area 
between the curve and the M-axis. ln this way, values of Ko = 
0.78 ± 0.03 x 104 J/m3 and K 1 = 4.1 ± 0.2 x 104 J/m3 were 
obtained. These values of anisotropy coefficients are similar to 
those of iron or a medium anisotropy garnet, and are an order of 
magnitude smaller than cobalt and an order of magnitude greater 
than nickel. The quantitative anisotropy coefficient data confirm 
the inferences drawn from the MFM images that the materials 
have uniaxial anisotropy with the b---axis as the magnetic easy 
axis. 
V. CONCLUSION 
The easy axis and anisotropy ofGd5(Si2Ge2) have been iden-
tified using MFM and VSM. The value of K 1 =4.1 x 104 J/m3 . 
Anisotropy is not along the directions of long-range Gd-Gd 
nearest neighbors-the a- and c-axes-but instead along the 
b-axis, indicating long-range magnetic ordering across Si-Ge 
nonmagnetic layers. It should be noted that the significant elec-
tronic configuration change between the two phases is the pres-
ence or absence of Si-Ge covalent bonds. Thus, magnetic order 
is likely to be propagated by an indirect coupling through Si-Ge 
bonding electrons and not through a nearest neighbor coupling 
between in-plane Gd moments. 
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Thermal expansion studies on the unusual first order transition 
of Gd5Si2.09Ge1.91 : effects of purity of Gd 
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Two polycrystalline samples were made by using high purity Gd and commercial Gd, respectively, 
but with Si and Ge starting materials of the same purity in both cases. Thermal expansion results 
showed that both samples exhibited a first order phase transformation, with a discontinuity in 
thermally-induced strain and with hysteresis in the Curie temperature. Magnetic force microscopy 
has been used to demonstrate the magnetic phase transformation process from paramagnetic to 
ferromagnetic upon cooling. It was found that the Curie temperature was lower and the 
thermally-induced strain higher, in the sample made from lower purity level Gd starting materials 
compared with the sample made from high purity Gd metal. These results indicate that the 
impurities (mainly C, O, N, and F) in the Gd starting material can significantly alter the strain and 
Curie temperature of Gd5(Si..,Ge1 _,,)4 alloys. C 2003 American Institute of Physics. 
[DOI: 10.1063/1.1540060] 
Introduction 
The properties of Gds-(Si..,Ge1-,)4 were first studied in 
1967 (Holtzberg et al 1967). In recent years, this material 
has attracted much attention due to its unusual giant magne-
tocaloric effect (MCE) (Pecharsky and Gschneidner, Jr. 
1997), giant magnetoresistance (GMR), and colossal magne-
tostriction (CMS) (Pecharsky and Gschneidner, Jr. 2001). It 
is very Wlusual for a single material to possess these tlm:e 
effects together. The magnetocaloric effect is a phenomenon 
on which the alignment of randomly oriented magnetic mo-
ments caused by application of an external magnetic field 
results in heating. while randomizing the magnetic moments 
by removing the magnetic field results in cooling. Previous 
results indicated that the impurities in starting Gd material 
play a critical role in determining the magnitude of the giant 
MCE in the final material (Gschneider, Ji et al 2000). In 
this study, the effect of impurities on the magnetoelastic 
properties of Gds(Si..,Ge,-%)4 system is also reported 
through the measurement of thermal expansion. The results 
show that the strain amplitude is higher in the material made 
from lower purity Gd. 
Experimental Details 
Two polycrystalline Gd5(Sh.09Ge1•91) samples were pre-
pared by arc-melting a stoichiometric mixture of pure com-
ponents in an argon atmosphere under normal pressure. The 
two samples used the same purity Si and Ge starting materi-
als (both >99.99 at.%). One of the samples was prepared 
using Ames Laboratory (AL) Gd(99.8"/4 pure), the major im-
purities (in atomic ppm) of which were: 440-0, 200-C, 
160-H. Sample 2 was fabricated by using commercial purity 
Gd (96.9 at.% pure) which contained 18300-0, 4300-C, 
0021-8979/2003/93(10)/1/31$20.00 
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4300-N, and 3700-F (in atomic ppm). Mass losses after arc-
melting were less than 0.5 wt.%, so the alloy chemical com-
positions were assumed to be, to a first approximation, tm-
changed in the final product. The thermal expansion 
_ measunmients were conducted using the strain-gauge 
method in a Janis Research 2-stage closed cycle helium re-
frigeration. The sample was cooled down from room tem-
pemtur:e through the Curie point transition, and then later 
was heated up through the Curie point transition. The linear 
thermal expansion was measured during both cooling and 
heating. The Curie temperatures was determined by differen-
tiating the cooling and heating curves and finding the maxi-
mum derivative of the strain with respect to temperature. In 
addition, a magnetic field B = I T was applied along the 
measmemmt direction to study the effect of magnetic field 
on the magnetoeJastic properties. In situ magnetic force mi-
croscopy (MFM) was used to observe the phase tr.msforma-
tion. This was canied out by using an MFM equipped with a 
heating-eooling stage. 
Results and Discussion 
Thermal expansion measurement results are shown in 
Fig. l for the sample Gd5(Si2.09Ge1_91) made from AL Gd at 
B = 0 and I T. An abrupt change in strain was observed at 
283 K on cooling ~d 288 K on heating for B = 0 T; and at 
287.5 K on cooling and 298 K on heating for B = l T. A 
discontinuity in thermal strain and thermal hysteresis are sig-
natures of a first-order phase transition. Above the transition 
temperature, the sample is paramagnetic and monoclinic. Be-
low the transition temperature, it is ferromagnetic and ortho-
rhombic. Previous references have indicated that this first 
order coupled magnetic-crystallographic transition only oc-
curs within the composition range (Pecharsky and 
C 2003 American lnstllute of Physics 
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FIG. I. Linear thermal strain (under fields ofO and l T) of polycrystalline 
GcfsSi2_09Ge1.91 made from Ames Laboratory high purity gadolinium. 
Gschneidner, Jr. 1997) 0.24~x~0.5. Recently, a more com-
plete magnetic and crystallographic phase diagram has been 
established for the Gd5(Si.rGei-.r)4 system (Pecharsky et al. 
2002), where a two-phase region 0.503<x< 0.575 is added 
between two regions that show a single phase around room 
temperature. 
The composition of the present samples (x = 0.5225) 
falls into this so-called two-phase region. For this composi-
tion the two crystallographic structures that can exist around 
room temperature are: monoclinic Gd5Si2C3ei-type paramag-
netic state (the f:J phase) which is formed above 1200 Kand 
can be retained at room temperature, and orthorhombic 
Gd5S4-type paramagnetic state (the 'Y phase) which is 
formed on heat treating the /:J phase above 690 K but below 
1200 K and which appears to be stable at room temperature. 
When the paramagnetic f3 phase is cooled down below its 
Curie temperature, a coupled first-order magnetic-
crystallographic phase transition occurs, and the ferromag-
netically ordered Gd5S4-type structure (a phase) is formed. 
Tiris transformation is reversible. When the paramagnetic 
orthorhombic Gd5Si4-type -y-phase is cooled, it undergoes 
only an ordinary second-order transition from paramagnetic 
to ferromagnetic with no associated crystallographic change. 
This transition is also reversible. In the two-phase region, 
one can get either or both of /:J or 'Y phase to exist at room 
temperature, depending on heat treatment. 
The present samples were studied in their "as-prepared" 
form, so that no heat treatments had been conducted on the 
samples. In Fig. 2, the MFM images show the transition from 
paramagnetic state to ferromagnetic state upon cooling. Fig. 
1 shows a discontinuity in thermal strain at transition tem-
perature of 283 K on cooling and at 288 K on heating, and 
hysteresis in the Curie temperature. These are both indicative 
of a first order phase transition. Thus taken together, they 
appear to indicate a first-order simultaneous magnetic-
PROOF COPY 211310MMM 
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FIG. 2. MFM images showing the magnetic phase transformation process 
for the sample made with high purity Ames Laboratory- gadolinium. The 
lefunost image shows the sample in the paramagnetic state; the middle and 
the rightmost images show the ferromagnetic state with increasing domain 
size. 
crystallographic phase transition. The 'Y phase of Gd5S4 is 
expected to be ferromagnetic at room temperature and there-
fore not subject to a phase transformation upon cooling. 
Therefore on the basis of these results, it is believed that at 
room temperature, these samples adopted the crystal struc-
ture of the f3 phase. In addition, as shown in Fig. I, the 
magnetic field can shift the Curie point to higher tempera-
tures which also demonstrates that this first order transforma-
tion can be triggered by either temperature or applied mag-
netic field. In Fig. l, the linear thermal expansion (Al/I) of 
0.26%, corresponds to a volume expansion of (AVIV 
=3Al/l) about 0.78%. The thermal expansion results for 
sample 2 made from commercial Gd are shown in Fig. 3. On 
- cooling Tc=270 K, on heating Tc=275 K. Thus the higher 
levels of impurities in the commercial Gd appear to have the 
effect of decreasing the transition temperature by ATc = 13 K 
(on either cooling or heating). The linear thermal expansion 
was 0.85%, corresponding to volume expansion of 2.55%. 
These values are considerably higher than those obtained in 
the sample made with high-purity Gd. 
T(K) 
220 230 240 2'° 260 270 280 290 300 
FIG. 3. Linear thermal strain in zero applied field of polycrystalline 
Gd5Si2.119Ge1.91 made from commercial quality gadolinium. 
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In situ applied field imaging of a magnetic tunnel junction using magnetic 
force microscopy 
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~ledge of domain behavior in magnetic tunne:l junctions is an esseotiaJ fogdher 
with knowledge oftbe eleetnm baad-, • lhd.-magw:t di• lroDk; propedies. 
To this purpose. the magnemalina revenal pmcesscs of a multilayer 1DDDCl junction of slructure 
suhstratdNiFelAIOx/FeColCrPtMnlAI of tapen,d hal£-ellqa,id ahapc have been imaged using a 
magnetic filn:e mic:loscope (MFM) with;,. &illl applied magnetic fields. Stripe domains through both 
the atack and m 1ayas observed at a:&0 applied field wae emsed by a ~ 100 Oe field applied to 
the left followed by app),ying a small field 101bc Ji&ht. Mapctic domain slnldute did not iappear 
in the MFM images UDlil a field of ~400 Oe was applied to the rigllt. This domain pdlllm then 
persisled ,._ die magiactic field was mlucal to am. A draD: diffi:aw in domain pattems 
throupout the mtadonaJ. pruccsscs w S8hnliao ia each clin:clim was also ola:rYed. When lhc field 
was applied to the left, domain walls Rllatal 10ward 1bc ciR-:tion peayiidic •• \'1 tbe applied field 
befin disaprt-iag Bowewer. in near- .al Ii.a &:Ids to the rlpt. domaia walls farmed nc:ady 
pmallcl to the applied field and mtaled away ftom paalld as lhc applied field sbalglh was 
decrcasccl. From dae images. tlleremM. sipificaiii msigllt has been gained into the magncmalion 
processes and pbJsical pbenanena behind .. magncton:sistiv behavior of dae junc:6oas. 
C ZOIJJ AIIUri:an Institute of Pl,ysics. [DOI: 10.1063/l.lS40128J 
I. INTRODUCTION 
Magnetictmmel;-:tiom (MT.rs) that show~ 
Bistance at-. Miijleialuie - tint omcnal in 1995 by 
Moodcra and co-womm, I and filbricated by photolidlo-
gmpbieal ....... , al Nm~ Elcctruaita in 1996..2 
MlTs lR a topic of grmt c:um:at sciadiic ad mgi-N iag 
intmlst.3 -n.. ....... ..., .... involved and lhc polmlial applii:a-
tions me bodt of sigu·&:au1 imen::st. MTrs pass a tuoneliag 
c:unmt ftom me fi:mJmagnelic elcclmdc1111uugfa a insulat-
ing layer imoa IIIICOlld &:n ag i,tic doclmdc. wldliscar-
R:llll depends Oil spin-dqJmdcnt ltPlPc:ting The n:sistancc of 
tbe junctiaa depends Clll lhe reJame tlim:tiDa vf 1bcDllgM> 
tizaaoo ia the '1w fc1H-Mglldie elol ,..,,lcs as wdl as m die 
OCCIIIWJ «-.,.iiy • JIBllllllily spill Wf' ...._ '1llC 
g *+wiw;~ af'IO'Ts dcpmds C111-it I • g C 
tllf: map-:tizllima of the magnca: ta,e,s 181cr a extamlly 
app)icd field, the dclails of which CMa - have IIOl been 
tully addressed. The aim of Ibis wCllk is to iDvcstigatc lhc 
rnagnetizatim tewllsal processes in MT.f's daougladia:ct ol>-
scrvation of die domain wall pmcc:sscs Jsing magnetic filn:e 
microscopy (MFM) with in situ applied field capability. 
-ii: jleil,@iastale.edu 
0021-897912003l93(10)f1/3/S20.00 
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I. EXPERIMENTAL METHODS 
TIie MlTs with a mulfilaJer stnN:tul'e consisliag 
of ....._,/'NiFe(120}-Al(>x(l5}-FeCo(S4)-C.d'IMn(328) 
-Al(S4) (Fig. I, all dimcnsioas ii. angsttwww) wm, deposited 
at Noa~ Electmnics CliD a Si wafilr and 1'8ltelDCd into a 
variety of deviccs hilniestigation. Thcjuoclian Sludicd was 
dlOllal forils lap me (to-MFM imagillg) and its tela-
laqe dislw:e ftom odll!I: nmpctic Slluctmes GIi lhc 
wafilr (to m1lll:c _,,nlc If ialuw:ti-- ..ad ialufena:c). It 
- paUamd ialo a lllpCnld half.dlipsoidal ahapc with di-
JDCDSions of -12 pm at 1bc widest point along the short axis 
and -40 pm akmg die long axis, with the lioltom NiFc free 
laya- a &II cllipmid. A JllllgDClii: anisomipy was induced in 
die NiFe layas, with Ille easy diR:aioa of map Aization 
abglllcsllaltaisoftlN: ....... AJIIIIJPldicha:mil:m-
s.epc(Dipal 1ai11l =•.-..o· . l __ _. 
in dlis taeardt, employing magnetic probes (Digital Instn.. 
ments, IDe., MESP) coalllld with CoCr. The MFM was 
equipped with an clewm-t;P 'Jfil: stage capable of applying 
v.ariahle magnetic ficJils ap to ±600 0e totbc jaar:tion m mu 
in lhc sample plane. TIie applied field was D'IDliibed using a 
Hall probe embedded in lhc magnetizing slagc. Images were 
taken at several COllllant applied fields ovea- three-quarters of 
a typical hysten:sis loop starting with an initial magnetiza-
0 2003 American IIIBlllule of Physics 
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Al(S4) 
Crl'IMII021) 
FcCo(5') 
AJO.(l .n 
NiFc{llO) 
SubllDle 
FIG. I. Schematic diagram showing the multilayercd structure of the mag-
netic tunnel junction sample (dimensions shown in angstroms). 
tion curve (zero field to high negative field to high positive 
field to remanence, positive being to the right of the image). 
111. RESULTS AND DISCUSSION 
Magnetic images of the junction when subjected to vari-
ous applied fields are shown in Fig. 2 for fields applied to the 
left and in Fig. 3 for fields applied to the right. The junction 
stack is shown in the left half of each image, with the stack 
boundary oriented vertically down the center and the tapered 
tip beyond the top edge of the scan. The area to the right of 
the stack was the NiFe free layer electrode with its easy axis 
horizontal to the images, or perpendicular to the long axis of 
the junction multilayer. 
The as-received state of the sample, as shown in Fig. 2, 
exhibited wide stripe doniains with walls that extend straight 
past the stack boundary and through the NiFe electrode, with . 
a spatial periodicity of ~2.75 µm. Narrow, dark contrast 
lines repeating over the same period were also present and 
extended across the physical boundary. The continuity of do-
mains was a recurring trend throughout the image series 
(even after the dark lines reappeared in Fig. 3), but the 
stripes did not reemerge after fading, shown in the last im-
ages of both Figs. 2 and 3. These stripes were thus not likely 
to correspond to an equilibrium domain pattern, but more 
likely are an artifact of the deposition and exchange bias and 
magnetic easy axis processing. 
The observed domain rotation and its differing behavior 
in opposite field directions was most unusual. As seen in Fig. 
2, when the magnetic field vector pointed to the left, increas-
FIG. 2. 9.4-µm-square magnetic force microscopy images of domain con-
figurations with junction multilayer on the left and NiFe electrode on the 
right. Field strengths arc, from left to right and top to bottom, 0, 40, 70, l00, 
40, and a return to O Oe, in chronological order. The arrows with single and 
double lines indicate the dark lines and stripe domains respectively. Junction 
multilayer dimensions are - 12 µm in the I direction (short axis) at their 
widest point and -40 µm in the y direction (long axis). 
PROOF COPY 215310MMM 
FIG. 3. Magnetic force images of junction and electrode at, from left to 
right and top to bottom, 100, 400, 200, and a return to O Oe. Images are also 
in chronological order. 
ing applied field strength resulted in a rotation of domain 
patterns toward the vertical axis. Increasing the field strength 
beyond 100 Oe did not perceptibly change the image, so the 
field was then reduced back toward zero. As the field was 
reduced, the rotation toward the vertical axis resmned, fin-
ishing at or near perpendicular to the field direction at rema-
nence. As the field was then increased to the right (Fig. 3), all 
domain patterning disappeared entirely, indicating a reduc-
tion in the vertical (z) component of the magnetic moment to 
·- zero. This change is possibly due to an antiparallel moment 
arrangement in the pinned and free layers, providing a more 
energetically favorable closed flux path within the x-z plane 
of the sample. This lack of image contrast persisted until a 
field strength of 400 Oe was applied, where the same line 
patterns as observed before reappeared toward the tip of the 
ellipse. Unlike the pattern under the highest field toward the 
left, these lines were almost horizontal and rotated back 
away as the field was decreased. If the initial and final im-
ages are examined, the spacing and angle of the narrow, dark 
lines are found to be the same. The nominal exchange bias 
field at the pinned layer is 300 Oe, so the magnetization 
processes with the field applied to the right would appear to 
involve reversing magnetization at the pinned layer against 
its bias field, while those with the field applied to the left 
would be along predominantly the exchange bias field. 
It is clear that the observed changes in domain pattern in 
this magnetic tunnel junction in response to the applied field 
involved a complex interaction between layer biasing, elec-
trode easy axis. shape anisotropy of each electrode, magne-
tostatic interaction of the electrodes, and antiferromagnetic 
exchange biasing of the pinned layer. Domains are apparent 
in regions of the hysteresis loop where by a simple picture 
one would expect the pinned layer and free layer to be mag-
netized in the same direction. A full explanation of the dif-
ferences in behavior in different applied field directions will 
require simultaneous measurement of both magnetoresis-
tance and domain structure, an experiment that will be con-
ducted subsequently. However, the interaction between the 
CoFe pinning and NiFe electrode layers was very clear, with 
magnetic domain structures continuing across the physical 
PROOF COPY 215310MMM 
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edge of the junction. An antiferromagnetically coupled sec-
ond CoFe layer beneath the first would likely eliminate this 
domain interaction by completing a closed flux path of the 
CoFe layers. 
IV. CONCLUSIONS 
Domain structures of a magnetic tunnel junction under in 
situ applied fields have been imaged using Ile magnetic force 
microscope. Coupling of the CoFe layer in the multilayer 
and the NiFe electrode free layer was readily observed, as 
was a complex domain rotation mechanism that was depen-
dent on many factors. These factors, including field direc-
tion, stray field from the pinned CoFe layer, anisotropy of the 
NiFe free layer, shape anisotropy, and magnetostatic interac-
tion between the magnetic layers, must therefore all be in-
PROOF COPY 215310MMM 
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eluded in any valid theoretical model of magnetic devices 
based on these types of magnetic tunnel junctions. 
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STUDIES ON THE EFFECTS OF PULSED-MAGNETIC FIELD 
TREATMENT ON MAGNETIC MATERIALS 
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Abstract. We have carried out systematic studies to inve!,"tigale the effects of pulsed-magnetic field treatment 
on the residual stresses of carbon steels, nickel and magnetic thin film samples. A test bed was constructed 
for complete control of the magnetic field profile. The magnetic properties and stress states of the samples 
were mea.~ured before and after the treatmenL Rc;ults indicate that the magnetic treatment does not have any 
detectable effects on the stress state of the samples. 
INTRODUCTION 
We have examined a proposed new nondestructive method of materials treatment that 
can be applied to the materials either innnediately after the initial fabrication, or later after 
service-induced degradation has occurred. It has been claimed that this treatment can the 
build up of unwanted residual stress. The treatment involves application of a pulsed-
magnetic field with a specific waveform to the materials. h has been claimed that such 
pulsed-magnetic field treatment can alter fracture resistance. wear and filtigue lifetimes, 
corrosion resistance, hysteretic energy losses and power conversion efficiency (1 ]. The 
implications of these claims are far reaching and it is precisely this kind of claim that has 
driven our research. 
There have been numerous references and reports on the beneficial effects of pulse-d-
magnetic field treatment of metallic parts. It has been claimed that pulsed-magnetic field 
treatment can increase the life of metal parts by as much as 500%, with benefits found in 
all types of metal working from machining to grinding. Jablonowski [2] documented a 
large number of instances where lifetimes of tool materials have been improved as a result 
of pulsed-magnetic field treatment by industrial investigators of the technology. It was 
speculated that the increase in tool life was caused by changes in the dislocation density, 
residual stress, and other defects within the material such as vacancies and interstitial pairs 
[3J. Nevertheless these reports a11 appear to be anecdotal and so far there has not been any 
systematic study of the effects of pulsed-magnetic field treatment. 
Cl:'615, Review of QwlitliUllive Nondutntctiwr E'il/Mlltllio,c Vol. 21, ed. by D. 0. Thomp&on and D. E. Cbime111i 
C> 2002 American Institute of Physics ~7354-0061-.X,W,,Sl9.00 
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The field waveforms that have been used in pulsed-magnetic field treatment of 
materials consists of a low frequency component (several Hz) onto which a higher 
frequency component (around 100 Hz) was superimposed. Field strengths with typical 
amplitude of 300 to 500 Oe and cycle time of 100 to 1000 seconds are used, followed by a 
ten second demagnetization cycle. The effect~ of an ac magnetic field on material 
properties have been studied by Hockman et al [4], who claimed that application of ac 
fields of 300 to 2000 Oe and at frequency of 2 to 30 Hz can cause stress relief in carbon 
steels, high strength steels and cemented carbides. Fahrny et al [5] studied the effects of 
pulsed-magnetic field treatment on fatigue life of low-carbon steels and concluded that 
beneficial effects of pulsed-magnetic field treatment depend on demagnetization at the end 
of the treatment. It has been suggested that the pulse amplitude, pulse frequency and 
during of treatment are important parameters in determining the effects of pulsed-magnetic 
field treatment on material properties. . 
The objective of this research was to detennine if there were positive effects of pulsed-
magnetic field treatment on material properties. Beneficial effects could include stress 
relief or increased oomponent life. A further objective was to develop an understanding of 
bow this method works. 1bese efforts aimed to enable us to optimize the treatment 
conditions for its use, detennine how it may best be employed and construct equipment that 
can be used for applying this treatment to a wide mnge of materials and manufactured 
parts. The ultimate goal was to provide a new, cleaner, faster method of stress relief that 
can be used in industry as an alternative to traditional stress relief annealing. 
EXPERIMENTAL DETAILS AND RESULTS 
This paper reports on a systematic study of the effects of magnetic processing on the 
magnetic and mechanical properties of several magnetic materials whose microstructures 
and properties were well characterized. ~e included (1) cold-drawn plain carbon steel 
(AISI 1020) bars, (2) cold-worked and annealed nickel samples and (3) magnetic thin fi1ms 
with high level of residual compressive stresses. A test bed consisting of pulsed-magnetic 
field treatment system was developed in collaboration with Technology Resource Group. 
Inc. for use in this work. 'The efrects of pulsed-magnetic field treatment on the samples 
were evaluated by conducting nondestructive testing measurements such as eddy-current 
and magnetic measurements on the samples before and after the treatmenL Two inspection 
systems, the Magneprobe and the hysteresisgrapb. were used to perfurm the magnetic 
measurements. The Magneprobe allows surface magnetic property measurements to be 
made through the Barkhausen effect (BE). The characteristics of Barkhausen emission 
signal, such as the root-mean-square values and signal amplitude distribution, are 
dependent on the stress state of the materials. The hysteresisgmph aHows bulk magnetic 
measurements to be made by tracing out the hysteresis cuives, from which several stress-
dependent parameters such as coercivity. remanence, permeability and hysteresis loss, can 
be obtained. X-ray diffraction (XRD) measurements were also made to detect any change 
in stress level in the samples. Magnetic force microscopy (MFM) was used to determine 
any changes in the magnetic domain structure which is closely related to the stress state of 
the samples. 
Implementation of the pulsed-magnetic field test bed 
A computer-controlled pulsed-magnetic field treatment test bed has been implemented 
that can be used to generate pulsed-magnetic field with specified wavefonns. The field 
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FIGURF. 1. Parnmeteri7Jld pulse-magnetic field signal. The input par.imeteTS are Tp, Td, Fa, Sp ands. that 
can be specified using the control software program (shown on the right) developed at the CNDE. 
profile consists of a low frequency carrier signal superimposed with higher frequency 
components. A parameterization scheme for the pulse signals is shown in Figure 1. All the 
parameters can be varied, thus allowing for flexible control of the field profiles to study the 
effects of pulsed-magnetic field treatment on materials. 
Study on cold-drawn 1020 steel bars 
Cold-drawn 1020 steel bars, which possessed a high residual stress level, were used. 
Magnetic Barkhausen effect and hysteresis loop measurements were carried out every 
centimetre along the length of the samples using surface sensors before and after pulsed-
magnetic field treatment. ·-
As shown in Figure 2, a slight increase in the RMS values of the magnetic Barkbausen 
activity was observed after the pulsed-magnetic field treatment, indicating a possible 
reduction of the residual stress. The stress-relief effect of pulsed-magnetic field treatment, 
if there is any, is therefore very weak as indicated by the comparable magnitudes of the 
change in RMS BE signal voltage after pulsed-magnetic field treatment and the 
measurement uncertainty. We were unable to identify any significant change in the 
hysteresis loop properties as a result of pulse-magnetic treatment. 
In order to compare the stress-relief effect of pulsed-magnetic field treatment with that 
of thermal anneal, a 1020 steel bar was cut into six rectangular pieces. RMS BE signal 
voltage were measured form the pieces with the applied field along (denoted by V,1) and 
perpendicular (V .i) to the long axis of the original steel bar. One sample was kept in the 
cold-worked state as a reference. Another sample was annealed at 500°C for one hour in a 
furnace and the other four samples were subjected to pulsed-magnetic field treatment for 
various periods of time. BE measurements were repeated on the samples after the thennal 
and magnetic treatments. 
The results of the BE measurements are shown in Table 1. All the samples exhibited 
similar RMS BE signals in the as-received condition. The residual stress of the as-received 
sample was compressive along the long axis but tensile in the perpendicular direction. 
Thennal annealing caused V;1 to im.TeaSe but V .1 to decrease substantially. This can be 
explained by the fact for plain carbon steels which have positive magnetostriction BE 
signal increases with tensile stress and decreases with compressive stress. Thennal 
annealing reduced the magnitudes of the residual stresses, causing opposite changes to the 
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FIGURE 2. The RMS BE signal voltage measured al various positions of a 1020 cold-drawn steel bar. The 
RMS Barkhausen signal increa.~s slightly after pulsed-magnetic field treatments indicating a possible 
reduction in the residual stress level of the sample. 
TABLE 1. Barkhausen measurements from the sample cut from a I 020 steel bar before 
and after various pulsed-magnetic field treatment<;. v,, and V .1. are lhe measured RMS BE 
signal voltages with the magnetizing field applied parallel and perpendicular to the long-
axis of the steel bar respectively. 
Sample 
Direction A B C D E F 
Condition As-received As-received As-received As-received As-received As-received 
V11(V) 548.6±7.6 537.7±4.0 527.8±3.0 546.4±5.0 526.9±6.9 536.7±2.4 
V.1.(V) 592.2±6.3 583.2±4.5 564.8±8.1 587.2±6.2 586.0±1.2 599.5±6.6 
Treatment Annealed at Magnetically Magnetically Kept in the Magnetically Magnetically 
SOO"C for l treated for treated for as-received treated for treated for 
hour 5mins 5mins condition 10mins 30mins 
V rr (Volt) 634.3±0.8 539.7±3.2 543.2±3.9 534.8±1.9 533.4±0.5 
V.1. (Volt) 565.9±4.2 577.8±7.9 573.0±2.9 562.1±2.2 601.0±2.5 
BE signals in the two orthogonal directions. In contrast the samples subjected to pulsed-
magnetic field treatment (i.e. samples B, C, E and F) showed much smaller changes in BE 
signals, indicating a much smaller effect of pulsed-magnetic field treatment on the residual 
stress. 
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Study on nickel 
It was suggested that a pulsed-magnetic field may exhibit a stronger stress relief effect 
in nickel than in steel for two reasons: (i) nickel has higher magnetostrictio constants (A.too 
= 45.9 x l<r'. Am= 24.3 x to-6) than iron (A.too= 20.7 x t<r. lt11 =-21 .2 x 10~, (ii) the 
shear stress exerted by a magnetic domain wall on a dislocation is 1.3 kg/mm2 [6] which is 
larger than the critical resolved shear stress of nickel (0.7 'kg/mm2 at 300 K [71). This 
means the interaction between rbe stress field of a moving domain wall and that of a 
dislocation may be of sufficient magnitude to move a free dislocation. 
Four cold-worked nickel bars were subjected to various heat treatment.'! (Table 2) in 
order to produce a series of samples with different number densities of dislocations. 
Magnetic domain structure of the samples was first imaged by MFM. Hysteresis loops 
were measured using the hysteresisgraph. Images of the domain structure in the remanent 
state were obtained by MFM. The sample was 1hen subjected to poised-magnetic field 
treatment After that MFM. hysteresis loop measuremmt and MFM were repeated. 
In general we were unable to identify any effects of polsed-magnelic field t:rea1Inent 
on the properties of nickel samples. As shown in Table 3, the bulk magnetic properties 
such as coercivity and rernanent induction were found to be unaffilcted by pulsed-magnetic 
field treatment. The MFM images of the annealed samples in general show a large scale 
domain structure (widths of tens of mim>n) which is probably related to the grain structure. 
and a fine scale (approximately one to two micron) pattern. The images obtained the 
samples after poised-magnetic field treatmmt exhibited similar features. No significant 
change in the domain structure of these samples was observed after pulsed-magnetic field 
treanneot. 
Study on mpgnl"tic thin fihnA 
An extensive study of the effects of pulsed-magnetic field treatment was made on 
FeAISi magnetic thin films prepared by radio-tiequency diode sputter deposition using 3% 
partial pressure (pp) nitrogen in the sputtering gas. The sample was cltosm due to its high 
level of comp1essive residual stress in the as deposited state along with a well cbaiacteri7.Cd 
microstmcture.. Another reason the sample was used was doe to the close relationship 
between the sample's hysteresis loop and film stress which allowed us to assess 
the effects of pulsed-magnetic field treatment by conducting hysteresis loop measurements. 
Magnetic domain structure of the samples' surface was first imaged by MFM. In-
plane hysteresis loops were measured by vibrating sample magnetometty (VSM). MFM 
study was then repeated to image the domain structure in the remanent state. Film stress 
was measured by X-ray diffraction (XRD). Indepeodeot measurements of film stress were 
made by measuring the curvature of a long beam (along the long axis) mt from the same 
sample wafer. The sample was then subjected to pulsed-magnetic field treatment. Aftec 
that the MFM, VSM, MFM and XRD studies were repeated to detrmJine any change in the 
stress state. magnetic properties or domain structure of the sample. 
The results indicated that the effect of pulsed-magnetic field treatment on the sample, 
if there is any, is below the sensitivities of the techniques used in the present study. The 
position and the width of the a-Fe peaks measured ftom the XRD spectra were found to 
remain unchanged within measurem:nt um:ertainties after pulsed-magnetic field treatment 
as shown in Table 4. This suggests that the lattice strain and hence the residual stress level 
of the sample did not change after pulsed-magnetic field treatmeot. It was found in the 
curvature measuremeolS that the film stress was compressive. with stress levels estimated 
at 278 MPa before pulsed-magnetic field treatment and 290 MPa after pulsed-magnetic 
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TABLE 2. Sample preparation and heat treatment conditions 
- - Treatment 
1 Keot in the as-received cold-worked condition. 
2 AnoeaJed in vacuum at 400°C foe 1 hour and 1hen fumace-oooled. 
3 Annealed in vacuum at 700°C for 1 hour and then fumace<OOl.ed. 
4 Annealed in vacuum at 1000°C for 1 hour and then furnace-oooled. 
TABLE 3. Magnetic hysteresis properties of the nickel samples before and after pulsed-
magnetic field treatment. 
Coercivity (Oe) Remanence(G) 
Sample Treatment BefCll'e After BefCJH After 
pulsed- pulsed- pulsed- pul8ed-
magnmc lllllgDl!tic lllRgPeffc magaetic 
field field field field 
treatment treat,nmt ............... treatment 
1 As-received 13.6 14.0 2311.1 2509.4 
2 Annealed at 400°C 13.6 14.9 2491.6 2544.8 
3 Annealed at 700°C 7.7 7.7 2688.3 2746.3 
4 Annealed at 1000°C 2.8 3.3 1143.5 2032.5 
TABLE 4. Positions and widths of the a-Fe peaks in the XRD spectra obt.ained before and 
after pulsed-magnetic field treatment. 
Before pulsed-magnetir. field After pulsed-magnetic field 
treatment treatment 
0 Peak Peak position Peak width Peak position Peak width 
Fe(llO) 44.03° 0.63° 44.03° 0.62° 
Fe(211) 81.69° 0.96° 81.74° 1.080 
Fe(220) 97.81° l.700 97.81° 1.110 
field treatment. The result also indicates that the film stress remained unchanged after 
pulsed-magnetic field treatment. 
The hysteresis loops obtained in the VSM measurements before and after pulsed.-
magnetic field treatment, as shown in Fig. 3, are essentially the same. Hysteresis loop 
properties such as coercive force, remanent magnetization and maximwn magnetic 
susceptibility remained unchanged after pulsed-magnetic field treatment. These properties 
are known from previous studies to be stress dependent. The hysteresis loops obtained 
both before and after pulsed-magnetic field treatment shows curved high-field portion 
(50 Oe < H < 300 Oe) which corresponds to rotation of the out-of-plane domain 
magnetization component towards the sample plane. The observed loop shape suggests 
that after pulsed-magnetic field treatment the sample still maintained a strong 
perpendicular anisotropy induced by the compressive film stress. 
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VSM measuremeuts on 3% p.p. N Seudust film 
----<>9.JJ>U8,._9 --- --------·- '"-·-------, 
Before magnetic treatment 
After magnetic treatment 0.060 
0.040 
i ,.. 
I 
0.0~0 .. .. 
0.000 = ~-1ro -800 -o-00 -400 .200 0 '.!00 400 600 
~I -0.020 
I 
800 1~ 
! 
I --0.040 
I 
--0.060 
----~----·-----·--
H(Oe) 
FIGURE 3. Hysteresis loop of the magnetic thin film sample measured by VSM before and after pulsed-
magnetic field treatment. 
Results obtained from the MFM study show different domain structures depending on 
the magnetic history of the sample. Nevertheless the effects of pulsed-magnetic field 
treatment can still be evaluated by comparing the MFM images obtained before and after 
pulsed-magnetic field treatment at the same magnetic state (e.g. at remanence). An 
example is given in Figure 4 which shows strikingly similar domain patterns in the 
remanent state before and after pulsed-magnetic field treatment. This indicates the 
presence of strong pinning sites for magnetic domain walls. These pinning sites are 
probably the amorphous secondary phase formed at the grain boundaries as observed in the 
TEM studies, or other structural defects such as highly dense dislocation clusters. The 
present result shows that pulsed-magnetic field treatment was unable to heal these 
microstructural defects. 
CONCLUSIONS 
Detailed and systematic studies were made to investigate the effects of pulsed-
magnetic field treatment on the residual stresses of carbon steels, nickel and magnetic thin 
film samples. A test bed was constructed that allows complete control of the applied field 
profile. The effects of the magnetic treatment were evaluated by measuring the magnetic 
properties and stress states of the samples before and after the treatment. Results indicate 
that the stress-relief effect of pulsed-magnetic field treatment on the samples, if there is 
any, is much weaker than claimed in the previous studies. The present investigation, using 
a range of characterization methods on a number of different specimens, both bulk samples 
and thin films and with a variety of chemical compositions, was unable to detect any effect. 
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(a) Before pulsed-magnetic field treatment. (b) After pulsed-magnetic field treatment. 
Magnetic image Magnetic image 
0 0 
0 
D 10 .D Uh D 10 .D ~" 
FIGURE 4. MFM images showing the magnetic domain structure of the same area of the magnetic thin film 
sample in the remanent state (a) before, and (b) after pulsed-magnetic field treannent. Note the strikingly 
similar domain patterns (e.g. the regions circled). 
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Abstract. The magnetic field gradients of magnetic stripe cards, which are developed for classifying 
magnetic particles used in magnetic particle inspections, have been measured using a magnetic force 
microscope (MFM). The magnetic force exerted on a MFM probe by the stray field emanating from the 
card was measured to detennine the field gradients. The results are in good agreement with the field 
gradients estimated from the magnetizing field strengths used in the encoding process. 
INTRODUCTION 
Magnetic particle inspection {MPI) is widely used as a rapid, convenient method for 
detecting surface or sub-surface cracks in ferromagnetic materials. Indication of defects by 
magnetic particles requires sufficiently strong leakage field at the defects, which is usually 
achieved by magnetizing the sample under test. To obtain the best inspection results, the 
sensitivity of the magnetic particles to defects needs to be adjusted primarily through 
establishing a proper magnetization level in the sample [l]. Magnetic stripe cards have 
recently been developed as a tool for establishing the level of the stray field gradient 
required for particle indication at defects for a given type of magnetic powders. These 
cards are similar to credit cards, ID cards and "electronic" keys in that they consist of a 
magnetic stripe magnetized (encoded) to give a specific magnetic pattern. The magnetic 
stripe cards used for MPI have different zones of periodic magnetization patterns encoded 
into the stripe using various magnetizing field strengths. Each of these zones is specified 
by a particular. stray field gradient. 
Sensitivity of a given type of magnetic particle can be ascertained by spraying the 
particles to the card and finding the zone of the lowest field gradient to which the particles 
adhere. The usefulness of magnetic stripe cards as a quantitative tool requires prerequisite 
knowledge of the stray magnetic field gradients above the stripe surface, which can be 
obtained using a magnetic force microscope (MFM). By this method a magnetic probe was 
moved towards the surface of the magnetic stripe and the force acting on the probe, which 
is proportional to the product of the magnetic field gradient and the magnetic moment of 
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the probe, was measured. In this study the magnetic field gradients of different zones of a 
magnetic stripe card sample were determined using the MFM technique. For comparison, 
the sensitivity of commercial magnetic particles was checked using the stripe card sample 
and a test ring (SRM 1853 from the National Institute of Standards and Technology 
(NIST)) magnetized using a central current carrying conductor. 
MAGNETIC FORCE MICROSCOPY AND FORCE CURVE MEASUREMENTS 
Magnetic force microscope (MFM) has proved a powerful tool for imaging 
magnetic domain structure of materials because of its high sensitivity and spatial resolution 
(typically 50 run or better). The technique is an offspring of atomic force microscopy. It 
employs a sharp magnetic tip (the typical tip radius is about 20 to 40 nm) attached to a 
flexible cantilever to sense the magnetic interaction between the tip and a sample. 
Magnetic force as small as I 0-11 N acting on the tip can be measured by shinning a laser 
beam on the cantilever and detecting the reflected beam using a split photo-detector to 
monitor the cantilever deflection . A magnetic image of the material can be obtained by 
mapping the tip-sample interaction as a function of the tip's height when it is being 
scanned over the material surface. 
In addition to imaging magnetic structure, MFM can also be used to measure 
quantitatively the stray field gradient above the surface of magnetic materials. In general 
the z-component (normal to sample surface) of the magnetic force Fz exerting on the MFM 
tip by a stray magnetic field n is given by [2]: 
R an any an }v· F =µ0 m •--" +m •·--+m •--z z x-:,_ ya za 
y (T~ !Z z 
(1) 
where mi and on,JiJi (i = x, y and z) are the components of the magnetic moment of the 
MFM tip and the stray field gradients respectively. In the situation where the length of the 
MFM tip is much smaller than the spatial period of the stray field pattern, one can assume 
that the tip moment is localized a{ a singular point within the tip (i.e. the tip is considered 
as a magnetic point-dipole) [3]. This point-dipole approximation was used in the present 
study to estimate the stray field gradient. Its use can be justified by the fact that the height 
of the MFM tip is about 10 to 15 µm, while the spatial period of the domain pattern 
encoded into the stripe card is about 127 µm. Since the MFM tip was magnetized along 
the z-direction, Equation (I) can be simplified into 
an F =m e.:.:.::..L • • oz (2) 
The z-component of the stray field gradient an.tiJz can therefore be determined by 
measuring the magnetic force acting on the tip. In this study force-distance curves, which 
is a plot of the magnetic force as a fimction of the vertical position of the tip above the 
stripe surface, were measured to estimate the stray field gradients above the stripe card 
surface using Equation (2). 
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EXPERIMENTAL DETAILS 
The magnetic stripe card sample used in this study was provided by Circle System, 
Inc. The magnetic stripe on the card sample was magnetized by means of a sinusoidal 
encoding proces~ as illustrated in Fig. 1. During the encoding process the magnetic stripe 
was passed under an electromagnet at a constant speed. A magnetizing coil energized by 
an ac current (60 Hz) was used to generate a reversing field which magnetized the stripe to 
give a periodic magnetization pattern. The spatial period of the pattern is determined by 
the frequency of the current and the speed of the card motion, while the stray magnetic 
field gradient of the magnetization pattern is varied by controlling the current amplitude 
and hence the magnetizing field strength. Eleven zones of periodic magnetic patterns with 
the same spatial period d (= 127 µm) but different stray field gradients were encoded using 
various magnetizing field strengths (Table 1). The stray fields H of the zones were 
measured by the manufacturer of the magnetic stripe card. The stray field gradients were 
calculated using 2Hld, and the results are shown in Table 1. 
Force-distance curve were measured from different zones of the magnetic stripe 
card using a magnetic force microscope operated in tapping mode. All measurements were 
made using the same MFM probe (a silicon pyramidal tip coated with a CoCr thin film) to 
allow direct comparison of results obtained from different zones. Before measuring a force 
curve a MFM image of the magnetic pattern was obtained. An example is shown in Fig. 2 
(a). The bright and dark contrast represents different regions above which the MFM tip 
sensed a repulsive and an attractive force respectively. ln order to compare with the field 
gradient data provided with the card manufacturer, force-distance curve measurement was 
made at the point where the field gradient is a maximum. The MFM signal level, which 
corresponds to the phase shift of the oscillating cantilever due to the tip-sample interaction, 
is proportional to the second derivative of the stray field gradient. The point of maximum 
stray field gradient, where the MFM image signal level is equal to zero, was then located 
from the line scan of the MFM image (as illustrated in the trace of Fig. 2 (b)) for force-
distance curve measurements. During the measurements an oscillating MFM tip was 
moved towards and away from the surface of the magnetic stripe in a cyclic manner. The 
de component of the photo-detector signal, which corresponds to amount of bending of the 
cantilever under the magnetic interaction between the tip and sample, was measured as a 
function of the vertical position of the tip above the stripe surface. A force-distance curve 
was then obtained by converting the photo-detector signal into force signal. The magnetic 
force at a fixed height above the stripe surface was simply read off from the curve, and the 
stray field gradient was calculated using Equation (2). 
For comparison the sensitivity of magnetic particles was checked by observing 
magnetic particle indication on the stripe card sample and on a standard test ring (SRM 
1853-124 test ring) obtained from NIST. To ensure repeatability of the test, the test ring 
was first magnetized to saturation by applying a de current of 2300 A to a conductor 
through the center of the ring and the current was then reduced to zero. During the tests de 
currents ranging from 1000 A to 2000 A were used to magnetize the ring. Magnetic 
particles were applied to the ring which was then examined for magnetic particle indication 
near the holes on the test ring. The stray magnetic field gradient At (in A-m-2) at ring 
surface was estimated using At = An x It I 1500, where It is the applied current (in A) and 
An is the certified value of field gradient (in A-m-2) of the n-th hole of the test ring at a 
current rating of 1500 A [4]. The sensitivity of the magnetic particles were determined by 
identifying the hole with the lowest field gradients where a magnetic particle indication 
was still observed. 
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FIGURE 2. (a) MFM image (phase image) of ooc of the :woes of the magnetic~ card. (b) Liue-scan oflhc 
MFM image showing the signal variation across the image. The am>w indicates the poim of maxmami field 
gradient whett the fon:e-distauce curve measuremmt was made. 
RESULTS AND DISCUSSION 
A typical force-distance curve measured from the stripe card is shown in Figure 3. 
The curve can be divided into five sections regarding the tip-sample interaction. When the 
MFM tip is approaching the stripe surface from a long distance the cantilever's deflection 
(bending of the cantilever) is small (region A). When the tip is in close proximity of the 
sample surface the cantilever suddenly .. snaps,, into contact with the stripe because of an 
attractive tip-sample interaction (e.g. van der Waals or capillary forces) [5]. This is 
manifested as a dip in the force-distance curve (region B). The maximum forward 
deflection of the cantilever multiplied by the cantilever's spring constant gives the 
maximum attractive force on the tip. As the cantilever is being lowered it remains in 
contact with the stripe and is pushed back through the zero force position. Further 
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the strip surface. The figures on the right illuslrates the ~le interaction in diflerent stages of the force. 
distance curve measurement. 
lowering the cantilever bends the cantilever upward elastically, resulting in what is known 
as the constant compliance regime (region C) in which the cantilever's deflection is a linear 
function of its vertical displacement. The slope of the straight line is useful as it provides a 
calibration of the photo-detector signal against the cantilever's deflection. On retracting 
the cantilever it remains adhered to the sample surface (region D) until it suddenly breaks 
free of the attractive force and snaps back to the undeflected state (region E). 
In order to measure the stray field gradients, the measured photo-detector signal as 
a function of the tip's vertical displacement was converted into a force-distance curve as 
follows. The photo-detector signal was first converted to cantilever's deflection using the 
slope of the constant compliance regime. The points of zero deflection. where the tip 
experienced zero force, were located by examining all the force-distance curves. The force 
exerting on the MFM tip was calculated by multiplying the cantilever's deflection by the 
cantilever's spring constant. which was estimated to be 0.5 N-m-1 from the measured 
resonant frequency of the cantilever using the formula derived by Sader et al [6]. 
The force-distance curves obtained from different zooes of the stripe card are shown 
in Fig. 4. All the force curves exhibit similar features such as sudden jump of the MFM tip 
into contact and gentle pull-off of the tip from the stripe swface, which indicate the presence 
of a long-range, attractive interaction between the tip and the sample. It is evident that the 
jump-to-contact (i.e. attractive force) is larger and the pull-off is more gende for the zones 
encoded using stronger magnetizing fields. This is attributed to the fact that these zones have 
stronger stray magnetic fields (and hence higher field gradient), and therefore they exerted a 
stronger magnetic force on the tip in addition to the van der Waals and capillary forces. Such 
effect is manifested as stronger attraction of the tip when it was approaching the sample 
surface and stronger adhesion when it was being retracted from the sample surface. 
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FIGURE 4. Foree-distance curves measured from (a) zone 1, (a) zone 3, (a) zone 5 and (a) zone 9 of the 
magnetic stripe card. 
The stray field gradients of different zones of the stripe card were determined from the 
tip-sample interactions measured at a fixed height of 500 run above the stripe surface. This 
height was chosen because it has been shown that when there is no long-range magnetic or 
electrostatic interaction between the tip and sample, the cantilever should sense no force at a 
tip-sample separation of several hlllldred nanometers or above [7). A value of mz = 6xl 0·3 
A•m2 was assumed for the MFM tip used in this study [8]. The estimated values of the stray 
magnetic field gradients are shown in Table 1 for different zones of the stripe card. The field 
gradients estimated using a MFM technique were fotmd in good agreement with those 
measured by the card manufacturer. Typical error of the field gradient measured by the MFM 
technique is ±15%, which comes mainly from the W1certainties in the values of the spring 
constant and magnetic moment of the MFM tip. 
The leakage field gradients emimated using the test ring are shown in Table 2. 
Magnetic particle indication was observed for field gradient of about l.5xl06 A-m·2 and 
greater. This is in contrast to the results of the present study, because particle indication 
was not observed on zone number 11 of the magnetic stripe card where the field gradient 
was estimated to be about 1.7x108 A·m·2 using the MFM technique. The discrepancy could 
be due to the way a Ketos test ring was calibrated. The measurements involved the use of a 
Hall sensor of finite size (1.5 mm wide and 2.75 mm long) at a certain liftoff (about 
0.1 mm) to measure the leakage field. This tends to give a field gradient smaller than the 
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TABLE 2. Stray field gradients (x l 06 A-m-2) estimated for the holes of a test ring (SRM 
1853-124 test ring) using the procedures suggested by NIST. Field gradients marked with 
an asterisk correspond to the case in which the magnetic particle indication was marginally 
observed, and the field gradients in shaded boxes correspond to cases where magnetic 
particle indication was not observed. 
Hole 1000 llOO 1200 1300 1400 1500 1600 1700 1800 1900 2000 
A A A A A A A A A A A 
1 11.3 12.3 13.4 14.5 15.6 16.7 17.8 18.9 20.0 21.2 22.3 
2 5.4 5.9 6.4 7.0 8.1 8.1 8.6 9.1 9.7 10.2 10.7 
3 2.7 3.0 3.3 3.6 4.1 4.1 4.4 4.6 4.9 52 5.5 
4 1.4* 1.6 1.7 1.9 2.1 2.1 2.3 2.4 2.6 2.7 2.9 
5 0.7 0.8 0.9 1.0 l.l 1.1 12 1.3 1.3* l.4 1.5* 
6 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.6 0.6 0.6 0.7 
7 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.5 
8 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 
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TABLE 1. Comparison between the magnetic field gradients measured using a MFM and 
the data provided by the manufacturer of the magnetic stripe card. 
Zone Field gradient JllellSlhll by card Fteld gnidient determined by 
~(A•m"i i,n:eQV11., wemeut(A•m.a) 
Z.OOCl 
.Zonc2 
Zonc3 
I.om,4 
.Zones 
Zone6 
Zone7 
Zonc8 
Z-onc9 
ZonelO 
2'.one 11 
l.28x lfl 
1.21 X lo' 
l.l4X lo' 
1.osxuf 
9.59xlo' 
8.S2x Io' 
7.28 X }()8 
6.39x 108 
4.79x Io' 
3.SSx Io' 
l.9Sxlrf 
l.24x trl 
l.20X to' 
1.l4xUf 
l.OSx lo' 
I.04x Io' 
8.66x 108 
7.78 x lo' 
6.36x 108 
4.62xlo' 
4.04x Io' 
l.68xl08 
actual value. This argument has been supported by theoretical modeling of the leakage 
field using the finite element method [9). The modelling results show that the peak value 
of the field gradient above the surface of a Ketos ring for an applied current of I 500 A is 
9.5xl07 A•m·2, which is roughly six times larger than the estimated value (l.5xl06 A·m"2) 
shown in Table 2. 
CONCLUSIONS 
Quantitative measurements of magnetic field gradient on magnetic cards, which are 
being developed as a quantitative tool for classifying magnetic particles used in magnetic 
particle inspections, have been made using a magnetic force microscope (MFM). The field 
gradient was detennined by measuring the magnetic force acting on a magnetic probe, 
which is proportional to the product of the gradient of die magnetic field emanating from 
the card and die magnetic moment of the probe. The results were found to agree well with 
the field gradients estimated from the magnetizing field strength used in encoding 1he 
magnetic patterns in 1he cards. 
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